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SUMMARY 


The  research  program  reported  here  is  an  experimental  investigation  of  the  effects  on 
shock  wave  strength  in  supersonic  gas  flows,  created  by  weakly  ionizing  the  gas.  Prior  to 
the  inception  of  the  present  program,  an  interesting  effect  was  noted  in  the  aerodynamics 
and  plasma  literature.  It  was  reported  that  when  various  molecular  and  atomic  gases, 
including  air,  argon,  carbon  dioxide,  and  many  others,  were  weakly  ionized,  the  strength 
of  a  shock  wave  propagating  through  the  gas  was  substantially  weakened.  These  previous 
experiments  were  in  unsteady  environments,  and  were  of  two  basic  types:  1)  Normal 
shocks  were  created  in  shock  tubes,  and  the  shock  was  allowed  to  propagate  through  the 
weakly  ionized  gas.  2)  Models  (normally,  small  spheres)  were  fired  into  ballistic  test 
ranges  and  again  allowed  to  propagate  through  weakly  ionized  gas.  In  both  classes  of 
experiments,  the  shock  wave  strength  and  structurewere  monitored.  It  was  discovered 
that  there  were  strong  eflfects  of  the  ionization  on  the  shock  waves  in  most  of  the 
experiments.  Basically,  in  the  shock  tube  experiments,  the  strength  of  the  shock  wave 
substantially  decreased,  and,  also,  the  shock  wave  appeared  to  be  dispersed,  breaking  up 
into  more  that  a  single  normal  shock.  In  the  ballistic  test  range  experiments,  the  bow 
shock  on  the  test  models  was  substantially  weakened,  the  shock  stand-oflf  distance 
increased,  and,  in  some  cases,  the  bow  shock  mostly  disappeared.  Enormous  reductions 
in  the  supersonic  wave  drag  were  reported.  While  most  of  these  results  were  reported  in 
the  Russian  literature,  some  key  points  were  reproduced  in  experiments  at  USAF 
laboratories,  although  it  was  noted  that  various  important  features  required  ftirther 
measurement  and  test. 
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In  most  all  these  experiments,  gas  ionization  levels  were  low,  wth  approximately  10'  to 
10"^  of  the  gas  molecules  being  ionized  in  these  plasmas.  Furthermore,  it  was  believed 
that  the  gas  temperatures  in  these  experiments  remained  rather  low.  To  achieve  ionization 
levels  of  10'^  in  atmospheric  air  in  a  thermal  plasma  requires  healing  to  several  thousand 
degrees.  However,  in  the  typically  low  pressure  environments  of  the  experiments,  the 
plasma  conditions  were  more  those  of  a  glow  discharge  plasma,  characterized  by  rather 
cold  gas  kinetic  temperatures.  The  low  temperatures  were  a  critical  point  for 
interpretation  of  the  observed  shock  wave  weakening.  This  is  because  if  there  was 
substantial  heating  of  the  gas  by  the  electric  discharge  creating  the  ionization,  such 
heating  alone  could  cause  the  observed  weakening  effects.  With  such  heating,  the  speed 
of  sound  in  the  gas  would  increase,  and  even  for  a  constant  shock  velocity  or  model 
velocity,  the  Mach  number  of  the  flow  would  decrease,  and  the  shock  strength  would 
decrease  to  the  values  characteristic  of  the  lower  Mach  number  flow.  Such  a  purely 
thermal  effect  is,  of  course,  a  well-known  and  trivial  result  in  compressible  gas  dynamics. 
Similarly,  even  without  substantial  heating  of  the  entire  bulk  gas,  if  creating  the  plasma 
resulted  in  substantial  thermal  gradients,  local  “hot  pockets”,  and/or  non-uniform 
boundary  layer  interactions,  the  shock  weakening  could  be  understood  within  the 
fi'amework  of  conventional  gas  dynamic  theory. 

On  the  other  hand,  if  there  were  no  substantial  gas  heating  in  the  previous  experiments, 
and  if  the  plasma  were  uniform,  the  observed  weakening  would  be  truly  “anomalous”; 
researchers  began  to  seek  an  explanation  in  basic  plasma  theory.  Such  an  anomaly  would 


not  be  just  of  theoretical  interest.  Inasmuch  as  huge  reductions  in  wave  drag  were 
reported  for  what  was  initially  thought  to  be  rather  modest  plasma  power  requirements, 
these  results  have  major  potential  for  achievement  of  more  efficient  hypersonic  flight. 

The  goal  of  the  present  program  was  to  find  out  if  the  observed  anomalous  shock 
weakening  effects  were  the  result  of  gas  heating  and/or  gas  flow  field  thermal 
nonuniformities,  or,  whether,  they  were  solely  the  result  of  the  presence  of  a  very  small 
fi-action  of  electrons  and  ions  (<  lO"^)  in  the  flow.  For  this  test,  experiments  have  been 
designed  in  which  varyins  levels  of  ionization  can  be  created  and  controlled  in  the  test 
gases,  independently  of  causing  significant  changes  in  test  gas  temperature.  Ionization 
fi-actions  up  to  10"^  can  be  produced  in  air  and  other  gases,  and  electrons  and  ions  can  be 
almost  totdly  removed  in  our  test  flows,  with  variation  of  gas  temperatures  of,  at  most,  a 
few  tens  of  degrees.  Further,  care  was  taken  to  create  very  spatially  uniform  plasmas,  to 
avoid  arc  filaments  or  local  hot  spots  producing  density  inhomogeneities.  There  were 
careful  measurements  of  flow  field  temperature  and  electron  density  to  demonstrate  this 
level  of  control. 

Two  classes  of  experiments  have  been  conducted  in  the  program.  In  the  first  class, 
described  in  Sections  1-1  through  1-6  of  this  report,  a  shock  tube  was  set  up,  and  both 
glow  and  optically  pumped  plasmas  were  created  in  the  tube.  Normal  shock  wave 
propagation  in  the  tubes  was  measured,  and  shock  strength  and  structure  determined. 
There  were  careful  measurements  to  characterize  the  plasma  parameters,  and  results  were 
interpreted  in  terms  of  a  fluid  dynamic  analysis  (Section  1-1).  It  was  found  that  all  the 
shock  weakening  and  dispersive  effects  were,  indeed  the  effect  of  thermal  gradients  and 
heating  of  the  test  gases.  It  was  also  shown  that  in  the  absence  of  thermal  gradients, 
viscous  effects  (i.e.  wall  shear)  produces  similar  effects  on  shock  propagation  and 
structure. 

/ 

Sections  2-1  through  2-5  are  unlike  any  of  the  previous  experiments  in  this  research  area, 
in  that  a  continuous  flow  supersonic  plasma  wind  tunnel  was  built.  In  this  tunnel,  steady 
state  flows  in  the  M-2  to  M=4  range  could  be  created.  Upstream  electric  discharges 
created  an  ionized  gas  flow;  the  flow  in  the  supersonic  test  section  was  essentially  a 
flowing  “afterglow”.  Small  models,  usually  sharp  nosed  wedges  or  cones,  were  installed 
in  the  test  section.  The  bow  shock  position  and  strength  were  monitored,  as  the  gas 
temperature  and  the  electron  density  of  the  flow  were  independently  varied.  While,  in 
these  experiments,  it  was  possible  to  significantly  weaken  the  bow  shock  on  the  models, 
this  could  only  be  accomplished  vdth  the  appropriate  amount  of  flow  heating.  The 
experiments  demonstrate  that  the  presence  of  ions  and  electrons  alone  in  the  flow  do  not 
change  the  strength  of  the  bow  shocks  in  these  flows.  The  conclusions  are  therefore  the 
same  as  those  of  our  shock  tube  experiments  of  Section  1,  and  those  of  similar  shock  tube 
experiments  at  Princeton  University;  there  is  no  effect  of  weakly  ionizing  the  gases  on 
supersonic  shock  waves,  independent  of  simultaneously  heating  the  flow.  In  effect,  there 
is  no  pure  “plasma  magic”,  as  has  been  previously  hypothesized. 


1.  Unsteady  Normal  Shocks 


Studies  in  Shock  Tubes 


1.1  On  the  Characteristics  of  a  Spark  Generated  Shock  Wave 
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Recent  experiments  involving  shock  waves  propagating  through  weakly  ionized  plasmas  have 
raised  questions  regarding  interpretation  of  the  experimental  results.  In  aid  of  analyzing  these 
experimental  results,  shock  waves  initiated  by  a  simulated  spark  and  their  subsequent  propagation 
in  a  cylindrical  tube  containing  argon  initially  at  30  Torr  and  300  K,  have  been  analyzed  numerically 
in  this  paper.  Numerical  solutions  to  the  compressible  Navier-Stokes  equations  are  considered 
under  the  four  conditions  of  induced  flow  (a)  without  wall  Motion,  (b)  with  wall  Motion,  (c)  with 
wall  Motion  and  purely  axial  thermal  gradients,  and  (d)  with  wall  Motion  and  both  axial  and  radial 
thermal  gradients.  Although  plasma  processes  have  not  been  simulated,  it  is  found  that  the  effects 
of  wall  shear  and  thermal  gradients  alone  are  sufficient  to  explain  most  of  the  experimental 
observations.  This  work  represents  a  first  step  in  the  analysis  of  this  problem  before  plasma  effects 
can  be  modeled.  ©  2000  American  Institute  of  Physics,  [81070-6631(00)01804-3] 


I.  INTRODUCTION 

Electric  sparks  set  off  by  sudden  and  intense  capacitive 
discharges  in  gases  have  been  used  for  generation  of  shock 
waves.  They  provide  a  means  of  studying  shock  propagation 
through  plasmas  and  reacting  gases.  Interest  in  spark- 
generated  shock  waves  stems  from  recent  measurements  in¬ 
volving  their  interactions  with  plasmas.*"^  Some  of  these 
interactions  may  possibly  arise  due  to  the  electrostatic  prop¬ 
erties  of  the  plasma,^  or  due  to  thermal  gradients  arising  from 
Ohmic  heating."^ Before  plasma— shock  interactions  can  be 
studied  in  detail,  it  is  necessary  to  thoroughly  understand  the 
influence  of  thermal  effects  alone.  The  aim  of  this  paper  is  to 
examine  thermal  and  viscous  effects  on  shock  propagation, 
independently  of  any  plasma  effects.  In  this  paper,  we  exam¬ 
ine  the  behavior  of  sparic-generated  shock  waves  propagating 
through  a  nonionized  gas  under  four  different  conditions, 
using  numerical  solutions  of  the  compressible  Navier— 
Stokes  equations.  The  four  conditions  are  shock  propagation 
(i)  without  wall  shear  and  in  the  absence  of  thermal  gradi¬ 
ents,  (ii)  with  wall  shear  and  no  thermal  gradients,  (iii)  with 
wall  shear  and  purely  axial  thermal  gradients,  and  (iv)  with 
wall  shear  and  with  both  axial  and  radial  thermal  gradients. 
These  cases  allow  the  effects  of  thermal  gradients  and  wall 
shear  on  shock  propagation  to  be  isolated. 

In  the  experiments  reported  in  Refs.  1-3,  a  capacitor  is 
discharged  across  a  spade  gap  in  argon  or  nitrogen  at  pres¬ 
sures  on  the  order  of  30  Torr.  The  process  of  energy  addition 
to  the  gas  by  the  discharging  capacitor  ultimately  resulting  in 
a  spark,  has  been  analyzed  previously.**  The  electrons  are 
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initially  heated  to  high  temperatures  by  electron-electron 
collisions  energized  by  the  applied  elecMc  field,  and  subse¬ 
quently  transfer  energy  to  the  gas  atoms  or  molecules  via 
electron-neutral  collisions.  This  process  is  found  to  result  in 
rapid  heating  of  the  gas  within  time  scales  on  the  order  of  a 
microsecond  and  drive  a  shock  wave.  Experimental  measure¬ 
ments  reported  in  Refs.  1  and  2  use  a  He-Ne  laser  beam  to 
record  passage  of  the  propagating  shock  wave  by  deflection 
of  the  beam  either  onto  or  away  from  a  photo-detector 
caused  by  the  density  gradient  across  the  shock  front.  Since 
the  signal  intensity  is  proportional  to  the  magnitude  of  the 
density  gradient,  a  sharp  signal  resembling  a  Delta  function 
is  recorded.  This  photo-acoustic  deflection  (PAD)  technique 
has  been  used  to  experimentally  investigate  the  effects  of 
ionization  on  propagation  of  spark-generated  shocks.*'^ 
Sample  PAD  signals  reported  in  Ref.  1  are  displayed  here  in 
Fig.  1  for  illustrative  purposes. 

Spark-generated  shock  waves  have  been  analyzed  within 
the  framework  of  one-dimensional  propagation,®  and  two- 
dimensional  inviscid  propagation  using  Euler’s  equations.^’^ 
These  calculations  suggest  that  many  of  the  experimental 
observations  reported  in  Refs.  1  and  2  can  be  explained  by 
shock  curvature  in  the  presence  of  radial  temperature  gradi¬ 
ents,  without  the  need  to  invoke  plasma  effects.  Earlier  work 
also  posits  this  notion  that  thermal  effects  explain  the  char¬ 
acteristics  of  shock  propagation  and  structure  in  the  presence 
of  weakly  ionized  plasmas."**^  There  has  since  been  compel¬ 
ling  experimental  evidence  provided  for  the  importance  of 
gas  heating  and  radial  thermal  gradients,*®  but  the  effects  of 
viscosity  and  wall  shear  are  not  known.  The  behavior  of  the 
shock  speed  versus  current  in  the  glow  discharge  plasma  as 
reported  in  Refs.  1  and  2  exhibits  nonlinear  behavior  that 
cannot  be  explained  by  thermal  effects  alone.  The  focus  of 
this  paper  is  on  the  characteristics  of  spark-generated  shock 
waves  including  the  effects  of  ^scosity  and  more  impor¬ 
tantly,  wall  Metion.  In  addition,  we  examine  the  behavior  of 


1070-6631^000/1 2(4)/924/1 1/$1 7.00 


©  2000  American  Institute  of  Physics 


924 


Phys.  Fluids,  VoL  12,  No.  4,  April  2000 


On  the  characteristics  of  a  spark  generated  shock  wave 


925 


tiotts,  in  conjunction  with  conservation  of  energy.  These 
equations  in  two-dimensional  (2D),  axi-symmetric  form  are 

dp  \  d  d 

-+--(r;,.)+-(^).0,  (1) 


d  \  d  ^  d 


dp  d  du  2 

—  — ; — ^~r  277— — -  —  77V * u 
dr  dr  *  dr  3  ^ 


du  dw\  1  2r}  t  du  u 


dx\  \dx  dr 


r  \  dr  r 


^(P^Hj^(rpuw)+-(pw^) 


HG.  1,  Exp^ment^ly  measured  PAD  signals  recorded  as  a  spark¬ 
generated  shock  wave  traverses  through  a  glow  discharge  and  re-emCTges 
into  a  cold  gas  (from  Ref.  1). 

such  Spark-generated  shocks  in  the  presence  of  thermal  gra¬ 
dients  (purely  axial  thermal  gradients  as  well  as  axial  and 
radial  gradients),  in  order  to  understand  the  propagation  of 
spark-generated  shocks  in  the  presence  of  thermal  gradients 
better.  In  contrast  to  earlier  work,^’^  we  examine  the  effects 
of  thermal  gradients  (including  pure  axial  thermal  gradients) 
on  shock  propagation  using  numerical  solutions  to  the  com¬ 
pressible  Navier-Stokes  equations.  The  intent  of  this  woric  is 
not  to  model  the  experiments  reported  in  Refs.  1-3,  but  to 
lay  the  foundation  for  its  proper  interpretation.  This  work  is 
viewed  as  a  first  step  before  modeling  the  spark  discharge 
leading  to  formation  of  the  shock  and  the  glow  discharge 
throu^  which  the  shock  traverses. 

This  paper  is  organized  as  follows.  Formulation  of  the 
problem  is  discussed  in  Sec.  H  including  the  governing  equa¬ 
tions  and  numerical  method  used.  Section  III  then  provides 
the  results  of  our  numerical  calculations  and  discusses  them 
in  detail.  Finally,  a  summary  is  provided  in  Sec.  IV. 

H.  PROBLEM  FORMULATION 
A.  Governing  equations 

We  consider  here  a  cylindrical  tube,  5  cm  in  diameter, 
containing  argon  at  a  pressure  of  30  Torr.  Launching  of  a 
spatk-geoerated  shock  wave  is  simulated  by  means  of  volu- 
n^tde  energy  addition  at  a  specified  location  for  a  specified 
period  of  time.  The  governing  equations  determining  the 
subsequent  response  of  the  gas  to  this  volumetric  heat  addi¬ 
tion  is  described  by  the  compressible  Navier-Stokes  equa- 


l  d  I  dT\  d  I  dT\ 

(4) 

where  the  energy  equation  is  written  for  transport  of  total 
energy,  i.e.,  internal  energy  and  kinetic  energy  per  unit  vol¬ 
ume,  with  6^^=  e w^)/2.  The  internal  energy  per  unit 
volume,  e,  is  given  by  e=yik^T  for  monatomic  gases, 
where  n  is  the  total  number  density,  is  Boltzmann’s  con¬ 
stant,  and  T  is  the  temperature.  In  Eqs.  (l)-(4),  u  is  the  radial 
component  of  velocity,  V  is  the  azimuthal  component  of  ve¬ 
locity  (set  to  0  here),  w  is  the  streamwise  or  axial  component 
of  velocity,  p  is  the  mass  density,  p^nk^T  is  the  pressure,  77 
is  the  coefficient  of  dynamic  viscosity  which  varies  with 
temperature  to  the  3/2  power  according  to  mean  free  path 
theory,  x  is  the  axial  coordinate,  r  is  the  radial  coordinate,  t  is 
time,  and  k  is  the  fiiermal  conductivity  of  the  gas.  is  the 
viscous  dissipation  function  and  its  expression  can  be  found 
in  Ref.  12.  is  the  Heaviside  step  function  in  time 

with  1  /is,  and  [/f  (x-Xo)-//(j:— jcj)]  ensures  that  the 
energy  added  by  the  simulated  spark  is  confined  to  a  region 
between  .  For  the  cases  considered  in  this  paper, 

Xo=  19.95  cm,  Xj  =20.05 cm,  and  fi=4.413X  lO^'^W/m^/s. 
This  corresponds  to  an  energy  density  of  0.221  J/cm^  or 
0.433  mJ  added  over  the  1  yus  time  interval.  It  is  important  to 
point  out  that  this  value  is  three  orders  of  magnitude  lower 
than  the  energy  of  several  Joules  released  by  the  spaik  in  the 
experiments  of  Refs.  1-3.  Addition  of  energy  on  the  order  of 
several  Joules  within  a  microsecond  would  require  extremely 
fine  grids  to  resolve  the  steep  spatial  gradients  in  the  vicinity 
of  the  spark  in  the  first  few  microseconds.  It  would  also 
require  taking  prohibitively  small  time  steps  to  accurately 
resolve  the  temporal  changes  necessary  for  stability.  How- 
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ever,  the  regions  of  interest  in  fliis  work  are  those  near  the 
propagating  shock  fronts  formed  as  a  result  of  this  rapid 
release  of  energy,  and  not  the  regions  where  the  energy  re¬ 
lease  actually  occurs.  Equations  (l)-(4)  do  not  account  for 
turbulence,  and  the  implicit  assumption  of  laminar  flow  is 
vended  a  posteriori.  For  the  weak  shocks  propagating  at  low 
pressure  considered  in  this  work,  the  induced  streamwise 
components  of  velocity  are  less  than  100  m/s  and  the  kine¬ 
matic  viscosity  at  30  Torr  is  on  the  order  of  5  X 10“^  m^/s  for 
argon.  Consequently,  the  Reynolds  number  based  on  a  tube 
diameter  of  5  cm  (0.05  m)  is  expected  to  be  on  the  order  of 
10^  or  less.  Since  this  is  less  than  the  critical  Reynolds  num¬ 
ber  for  internal  flows  in  tubes  of  circular  cross  section,  the 
assumption  of  laminar  flow  is  justified. 

As  initial  conditions,  zero  velocities  are  prescribed  ev¬ 
erywhere  in  the  domain,  the  temperature  of  the  undisturbed 
gas  is  taken  to  be  a  uniform  300  K,  and  the  pressure  is  set  to 
30  Torr.  Implicit  extrapolation  is  used  for  the  temperature 
and  velocity  components  at  both  axial  boundaries,  while 
pressure  is  prescribed  as  constant.  The  density  is  then  calcu¬ 
lated  using  the  ideal  gas  equation  of  state  {p^nk^T\p 
—mn,  where  m  is  the  atomic  mass  of  argon).  In  the  radial 
direction,  no-slip  boundary  conditions  (i.e.,  zero  velocity)  are 
prescribed  at  r=  Tq  ,  the  outer  radial  boundary,  and  symmetry 
boundary  conditions  are  prescribed  at  the  centerline.  Also  by 
symmetry,  the  centerline  is  an  adiabat  and  oT/«?r=0  at  r 
=0-  At  the  outer  wall,  r=ro,  the  adiabatic  boundary  condi¬ 
tion  is  applied.  Similarly,  ^pl^r=0  at  r=0  and  at  r^r^.  As 
described  by  the  source  term  in  Eq.  (4),  heat  is  added  over  a 
period  of  one  microsecond  (i.e.,  ro=l  /^s),  and  the  subse¬ 
quent  temporal  response  as  determined  by  Eq.  (l)-(4)  is  cal¬ 
culated  numerically. 

B.  Numerical  method 

The  governing  equations  [Eqs.  (l)-(4)]  are  solved  using 
the  linearized  block  implicit  (LBI)  of  Briley  and 
McDonald.  This  method  is  described  in  detail  elsewhere, 
and  therefore,  only  a  brief  summary  is  provided  here.  Equa¬ 
tions  (l)-(4)  are  discretized  in  time  using  Crank-Nicolson 
differencing,  and  the  spatial  derivatives  are  central  differ¬ 
enced  in  space.  The  two-dimensional  operator  is  split  using 
the  Douglas— Gunn  alternating  direction  implicit  (ADI)  pro¬ 
cedure,  resulting  in  a  block  tridiagonal  matrix  equation  in 
each  of  the  coordinate  directions.*^  The  block  tridiagonal 
matrix  is  solved  in  each  coordinate  direction  at  each  time 
step,  using  LU  (lower-upper)  decomposition. 

The  addition  of  energy  over  a  period  as  short  as  one 
microsecond  gives  rise  to  steep  gradients  in  the  vicinity  of 
the  region  of  energy  addition,  during  the  early  portion  of  the 
transient.  Consequently,  fine  grids  are  required  to  adequately 
resolve  these  early,  steep  gradients.  Use  of  fine  grids  is  com¬ 
putationally  expensive,  especially  at  later  times  when  gradi¬ 
ents  in  the  dependent  variables  are  relatively  less  steep  and 
coarser  grids  would  suffice.  In  this  work,  we  use  a  specific 
procedure  to  avoid  prohibitive  computational  cost.  This  pro¬ 
cedure  consists  of  initially  using  a  1000X  25(axialXradial) 
grid  over  a  spatial  region  10cmX2Jcm,  Following  the  ini¬ 
tial,  rapid  heat  release  and  initiation  of  the  shock  wave,  this 


grid  is  used  until  the  shock  waves  have  traveled  approxi¬ 
mately  half  the  domain.  At  this  instant,  the  solution  is 
mapped  onto  another  grid  of  the  same  size  (1000X25),  but 
double  in  spatial  extent,  which  is  equivalent  to  doubling  the 
spatial  step  size  Ajc  in  the  axial  direction.  This  procedure  is 
repeated  with  further  advancement  in  time,  until  the  shock 
waves  have  traversed  tiie  spatial  location  of  interest.  For  the 
calculations  reported  here,  the  axial  step  size  Ajc  varied  from 
0.1  mm  to  a  maximum  of  0.4  nun  using  this  procedure,  and 
a  Ar=  31  ns  was  used. 

Three  cases  of  spark-generated  shock  propagation  are 
considered  here.  In  all  cases,  the  shock  wave  is  produced  in 
Argon  initially  at  30  Torr  and  300  K.  The  effects  of  viscosity 
and  wall  friction  are  explored  using  two  different  boundary 
conditions.  The  first  set  of  boundary  conditions  (i.e.,  first 
case)  is  ^uidr-^  and  dwldr-{S  applied  at  the  wall  of  the 
tube  in  order  to  examine  \tiscous  effects  independently  of 
wall  friction.  The  second  set  of  boundary  conditions  (i.e., 
second  case)  is  with  the  usual  no-slip  boundary  conditions 
(tt  =  w=0)  applied  at  the  wall  to  simulate  real  viscous  flow 
in  a  tube  including  the  effects  of  wall  shear.  The  first  set  of 
boundary  conditions,  i.e.,  unconfined  shock  propagation 
without  wall  friction,  is  shown  to  be  similar  in  nature  to 
quasi  one-dimensional  shock  propagation  despite  the  inclu¬ 
sion  of  viscosity.  The  second  set  of  boundary  conditions 
(second  case),  with  no-slip  conditions  applied  at  the  wall, 
also  considers  the  effects  of  purely  axial  thermal  gradients. 
In  this  second  case,  the  rightward  propagating  spark¬ 
generated  shock  is  initiated  in  a  region  of  relatively  cold 
temperature  (300  K)  and  launched  into  a  region  (between  jc 
=25  cm  and  x=30cm)  where  the  temperature  is  initially  at 
1000  K.  Beyond  j:= 30  cm,  the  temperature  is  reduced  back 
to  300  K.  This  is  a  purely  axial  temperature  gradient,  since 
the  heated  region  is  extended  all  the  way  to  the  wall.  This 
initial  distribution  does  relax  in  time  due  to  heat  conduction 
as  the  shock  is  initiated  upstream  and  laimched,  but  there  is 
insufficient  time  to  change  appreciably.  This  is  because  the 
time  required  for  the  shock  to  travel  from  the  location  of 
initiation  to  the  edge  of  the  heated  region  is  on  the  order  of 
100  while  the  relaxation  time  by  heat  conduction  is  on  the 
order  of  10  milliseconds.  In  the  third  case,  the  effects  of  a 
radial  temperature  gradient  are  examined  as  the  temperature 
distribution  in  the  hot  region  is  varied  from  1000  K  at  the 
centerline  to  300  K  at  the  wall  in  a  parabolic  manner.  As 
before,  the  shock  is  initiated  in  a  region  initially  maintained 
at  300  K.  In  this  last  case,  the  shock  is  made  to  encounter 
both  an  axial  gradient  as  well  as  radial  gradient  as  it  enters 
the  heated  region.  The  temperature  distributions  in  the  last 
case  resemble  the  expected  temperature  variations  in  a  uni¬ 
form  glow  discharge. 

III.  RESULTS  AND  DISCUSSION 

A.  Propagation  Into  a  uniform  gas  In  the  absence  of 
wall  friction 

In  this  case,  a  shock  is  initiated  in  argon  at  30  Torr  and 
300  K  by  energy  addition  over  a  prescribed  time  interval  of 
1  ^  as  described  in  Sec.  n.  Such  energy  adklition  over  one 
microsecond  simulates  the  generation  of  a  shock  wave  trig- 
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gered  by  a  capacitively  discharged  spade  The  governing 
equations  for  compressible^  viscous  flow  are  solved  with 
boundary  conditions  that  mimic  an  unconfined  viscous  gas, 
i.e.,  one  wifliout  the  presence  of  a  wall.  These  boundary  con¬ 
ditions  are  used  in  order  to  examine  the  effects  of  viscosity 
independently  of  wall  friction  and  in  the  absence  of  thermal 
gradients,  a  situation  not  considered  in  previous  analyses  of 
the  problem  using  numerical  solutions  to  Euler’s  inviscid 
equations  of  motion.^*^  This  solution  is  compared  with  solu¬ 
tions  to  the  quasi  one-dimensional  equations  of  motion,  and 
contrasted  later  in  Sec.  Ill  B  with  the  realistic  case  of  viscous 
flow  in  a  bounded  cylindrical  tube  where  boundary  effects 
(i,e.,  wall  friction)  are  considered. 

The  governing  equations  for  this  problem  [Eqs.  (l)-(4)] 
are  solved  numerically  using  flie  LBI  method  described  in 
Sec.  n.  In  this  first  case,  the  usual  no-slip  boundary  condi¬ 
tions  at  the  wall  are  replaced  by  dufdr—0  and  dwfdr-0. 
These  conditions  effectively  simulate  the  absence  of  a 
boundary  so  that  wall  friction  is  absent  while  the  flow  is  still 
viscous,  i.e.,  this  is  an  unconfined  gas  into  which  a  spark¬ 
generated  shock  wave  is  launched.  The  resulting  profiles  of 
c^nsity  at  r—O  nondimensionalized  by  the  undisturbed  gas 
density,  />o=0.0641  kg/m^  at  100,  200,  300,  and  400  /£S,  are 
shown  as  a  function  of  the  axial  coordinate  jc  in  Fig.  2(a). 
Formation  of  two  propagating  shocks,  one  to  the  right  and 
one  to  the  left,  are  clearly  evident  in  this  figure.  The  passage 
of  the  shock  is  often  detected  in  experiments  using  methods 
such  as  laser  deflection  or  PAD*'^  that  are  sensitive  to  the 
density  gradient,  and  it  is,  therefore,  instructive  to  examine 
the  axial  derivative  of  the  density  integrated  along  the  radial 
direction  (i.e.,  along  the  transverse  line  of  sight^’^).  Thus,  the 
observed  signal  in  an  experimental  realization  of  this  prob¬ 
lem  would  be  proportional  to  dpidx.  This  derivative  inte¬ 
grated  in  the  radial  direction,  referred  to  here  as  the  simu¬ 
lated  PAD  signal,  is  plotted  in  Fig.  2(b).  In  practice,  the 
detector  sensitivity  is  limited  to  a  minimum  value  of  this 
axial  density  gradient  Hence,  an  experimental  counterpart  of 
Fig.  2(b)  would  appear  similar  except  that  in  some  neighbor¬ 
hood  around  dpidx=0  it  would  be  truncated,  as  shown  for 
illustrative  purposes  by  the  dotted  horizontal  lines  in  Fig. 
2(b).  As  expected,  it  can  be  seen  from  Figs.  2(a)  and  2(b) 
that  the  pulse  waveform  spreads  out,  while  the  magnitude  of 
the  leading  compression  front  decreases  with  increasing  dis¬ 
tance  from  the  location  of  shock  initiation.  Note  however 
that  the  simulated  PAD  signal  in  Fig.  2(b)  maintains  a  sharp 
feature  sunilar  to  a  delta  function,,  while  decreasing  in  mag¬ 
nitude,  but  does  not  spread  out  as  the  density  profile  does. 
Moreover,  there  is  no  evidence  of  splitting  of  the  simulated 
PAD  signal.  Figure  2(c)  shows  the  calculated  pressure  profile 
along  the  centerline  at  300  ps  for  illustrative  purposes,  and 
resembles  file  density  profile  in  shape. 

B.  Propagation  into  a  heated  region,  followed  by  a 
colder  region:  Effects  of  purely  axial 
temperature  gradients 

We  now  consider  shock  waves  initiated  in  argon  at  30 
Torr  and  300  K  using  energy  release  from  a  simulated  spark 
at  jc=20cm,  and  propagating  in  a  cylindrical  tube  under  the 
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action  of  wall  friction.  Unlike  tiie  case  discussed  in  Sec. 
in  A,  the  present  case  considers  the  realistic  case  of  viscous 
flow  induced  by  a  propagating  shock  wave  in  a  5  cmdiam 
cylindrical  tube,  with  the  usual  no-slip  boundary  conditions 
applied  at  the  wall.  Of  the  two  shock  waves  resulting  from 
the  simulated  spark,  the  ri^tward  propagating  wave  is 
laimched  into  a  heated  region  situated  at  25cm<x<30cm. 
The  heated  region  is  maintained  at  the  same  pressure  of  30 
Torr  but  at  a  temperature  of  1000  K.  After  traversing  this 
heated  region,  the  shock  re-emerges  into  cold  argon  at  300  K 
and  30  Torr  beyond  jc= 30  centimeters.  The  corresponding 
leftward  moving  wave  propagates  into  undisturbed  argon  at 
30  Torr  and  300  K.  This  case  allows  us  to  simultaneously 
examine  the  effects  of  wall  friction  (for  the  leftward  moving 
wave)  and  a  purely  axial  temperature  gradient  combined 
with  wall  friction  (for  the  rightward  movmg  wave).  The 
rightward  propagating  wave  encounters  purely  axial  tem¬ 
perature  gradients  on  the  order  of  +7000  K/mm  at  x 
=25  cm  and  —7000  K/mm  at  jc=30cm,  respectively.  At 
these  locations,  file  temperature  is  raised  ficom  300  to  1000  K 
within  1  mm,  and  lowered  from  1000  to  300  K  within  1  mm, 
respectively.  The  calculated  profiles  of  p(jc)  along  the  cen¬ 
terline  (r=0)  as  well  as  the  corresponding  simulated  PAD 
signal  (proportional  to  dpidx)  are  shown  in  Figs.  3(a)  and 
3(b),  respectively,  at  100,  150,  300,  and  400  p&.  Several 
interesting  characteristics  are  evident  in  these  solutions,  and 
are  discussed  next. 

We  begin  first  by  observing  the  leftward  moving  wave, 
which  is  affected  by  wall  friction  alone,  in  the  absence  of  any 
thermal  gradients.  Three  effects  are  clearly  visible.  First,  the 
simulated  PAD  signal  for  the  leftward  propagating  wave 
shows  effects  of  “splitting”  of  the  simulated  PAD  signal  or 
non-monotonic  variation  of  p{x)  in  the  absence  of  any  ther¬ 
mal  gradients,  within  10  cm  of  the  initiation  point.  These 
profiles  are  clearly  different  fix)m  the  numerical  results  ob¬ 
tained  for  a  propagating  shock  in  the  absence  of  a  wall  [see 
Figs.  2(a)  and  2(b)].  Second,  the  simulated  PAD  signal  is 
attenuated  more  than  its  counterpart,  the  shock  propagating 
in  the  absence  of  wall  friction,  as  can  be  seen  in  Figs.  2(a), 
2(b),  3(a),  and  3(b).  Third,  there  is  substantial  spreading  of 
the  axial  density  profile  behind  the  front  when  wall  friction  is 
present  as  can  be  seen  by  comparing  Fig.  3(a)  with  Hg.  2(a). 
Multiple  structures  are  also  evident  in  Fig.  3(b),  indicative  of 
departure  from  monotonic  behavior  of  the  instantaneous 
axial  density  profile.  All  three  effects,  apparent  splitting  of 
the  shock  as  observed  in  the  simulated  signi,  spread¬ 
ing  of  the  signal,  and  decrease  in  amplitude  are  due  to  the 
effects  of  wall  friction.  It  is  important  to  point  out  that  such 
splitting  of  the  PAD  signal  due  to  wall  friction  alone  was  not 
reported  in  the  experiments  of  Refs.  1  and  2.  It  is  due  to  the 
difference  in  the  magnitude  of  file  initial  energy  loading  be¬ 
tween  the  simulations  and  experiments,  eventually  leading  to 
the  formation  of  the  shock  (0.433  mJ  is  added  in  this  simu¬ 
lation  as  opposed  to  the  several  Joules  typically  deposited 
into  the  gas  in  the  experiments  of  Refs.  1-3).  The  reason  for 
the  apparent  splitting  in  the  PAD  signal  of  the  leftward  mov¬ 
ing  wave  subjected  only  to  wall  shear,  can  be  seen  in  Fig. 
3(c)  which  shows  the  density  profiles  at  the  centerline  (r 
=0)  and  at  r=  U  cm,  at  300  /is.  The  density  profiles  at  r 
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FIG.  2.  (a)  Profiles  of  mass  density 
along  r=0  nondimensionalized  by  the 
undisturbed  gas  density, 

=  0.0641  kg/m^,  arc  shown  here  vs  the 
axial  coordinate,  x,  at  several  instants 
(100,  200,  300,  and  400  /ts,  respec¬ 
tively)  after  energy  addition  leads  to 
formation  of  a  propagating  shock.  This 
result  is  for  die  case  of  shock  propaga¬ 
tion  in  an  unconfined  gas  wifii  duf  dr 
=0  and  dwi dr=Q  applied  at  the  walls 
instead  of  file  usual  no-slip  boundary 
conditions,  (b)  Simulated  PAD  signal 
obtained  by  integrating  the  axial  de¬ 
rivative  of  density  (sec  2(a))  in  ttie 
transverse,  i.e.,  radial,  direction.  The 
horizontal  dotted  line  is  used  to  show 
that  experimental  limitations  on  sensi¬ 
tivity  would  have  die  effect  of  truncat¬ 
ing  the  PAD  signal  in  a  neighborhood 
around  dpfdx~Q.  (c)  Profile  of  pres- 
.sure  along  r=0  nondimensionalized 
by  die  undisturbed  pressure,  P 
=4000  Pa,  is  shown  here  vs  the  axial 
coordinate,  x,  at  300  ps  after  energy 
addition  leads  to  formation  of  a  propa¬ 
gating  shock.  This  result  is  for  the  case 
of  shock  laopagation  in  an  unconfined 
gas  with  du!dr=0  and  dwfdr=0  ap¬ 
plied  at  die  outer  boundary  of  the 
computational  domain  instead  of  the 
usual  no-slip  boundary  conditions. 
Note  the  similarity  of  the  shape  of  the 
pressure  profile  to  the  density  profiles 
shown  in  (a). 


=0  and  at  r=  1.5  cm.  can  be  seen  in  Fig.  3(c)  to  be  displaced 
in  space  (and  hence  in  time).  The  shock  front  near  the  wall  is 
decelerated  due  to  wall  friction,  leading  to  curvature  of  the 
shock  front  This  is  what  gives  the  appearance  of  splitting  in 
the  PAD  signal  as  the  portion  of  the  shock  near  the  wall  is 
slowed  due  to  wall  friction. 

Hie  ri^tward  moving  wave  is  also  subject  to  the  effects 
of  wall  friction,  but  encounters  a  heated  region  before  it  has 


a  chance  to  display  a  split  PAD  signal.  It  is  important  to 
point  out  that  since  the  viscosity  is  temperature-dependent, 
the  heated  region  is  also  a  region  of  increased  viscosity.  It 
can  be  seen  from  these  solutions  that  the  amplitude  is  sub¬ 
stantially  reduced  within  the  heated  region,  and  partially  re¬ 
covers  upon  emergence  from  the  heated  region.  This  is  to  be 
expected  since  the  heated  region  has  a  higher  temperature 
relative  to  the  unheated  region.  Consequently  at  the  same 
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FIG.  3.  (a)  Profiles  of  mass  density 
along  r=0  nondimcnsionalized  by  the 
undisturbed  gas  density, 

~  0.0641  kg/m^,  are  shown  here  vs  the 
axial  coordinate,  x,  at  several  instants 
(100,  150,  300,  and  400  /iS,  respec¬ 
tively)  after  energy  addition  leads  to 
formation  of  a  propagating  shock.  This 
result  is  for  the  case  of  shock  propaga¬ 
tion  in  Argon  initially  at  30  Toir  and 
300  K,  with  no-slip  conditions  aj^lied 
at  the  walls.  This  case  considers  the 
realistic  bounded  viscous  flow  induced 
by  a  traveling  shock  in  a  5  cm  diam 
tube,  where  ttie  rightward  traveling 
wave  encounters  a  heated  region  wf/A 
no  radial  temperature  gradients,  (b) 
Simulated  PAD  signal  obtained  by  in¬ 
tegrating  the  axial  derivative  of  den¬ 
sity  (corresponding  to  (a))  in  the  trans¬ 
verse,  i.e.,  radial,  direction,  (c)  Profiles 
of  densi^  for  flic  leftward  mo^ng 
wave  arc  shown  here  at  300  ps,  at  two 
different  radial  locations:  r=0,  and  r 
=  1.5  COL  It  is  flic  radial  staggoing  of 
these  density  profiles  that  gives  rise  to 
apparent  splitting  in  the  PAD  signal, 
hi  this  case,  the  portion  of  the  shock 
wave  nearest  the  wall  is  retarded  due 
to  wall  friction  and  lags  behind  its 
counterpart  at  flic  centerline.  This 
gives  flie  £^pearance  of  two  w  more 
split  structures  in  the  PAD  signal. 


pressure,  the  density  must  be  lower  compared  to  its  corre¬ 
sponding  level  in  the  colder  regions.  Within  the  heated  re¬ 
gion,  the  simulated  PAD  signal  exhibits  splitting  at  150  /£S, 
whereas  its  corresponding  leftward  moving  twin  does  not,  at 
the  same  instant  of  time.  This  is  really  due  to  increased  wall 
shear  resulting  from  an  increase  in  viscosity  arising  from  the 
higher  temperature.  Hence,  the  ri^tward  moving  wave  ex¬ 
hibits  splitting  in  the  simulated  PAD  signal  before  the  left¬ 
ward  moving  wave,  in  this  case  of  purely  axial  thermal  gra¬ 


dients.  The  leftward  moving  wave  shows  evidence  of 
splitting  in  the  absence  of  thermal  gradients  due  to  the  effect 
of  wall  friction  alone,  but  at  a  later  time.  Finally,  acceleration 
of  the  rightward  moving  wave  is  clearly  evident  in  Figs.  3(a) 
and  3(b)  when  the  corresponding  axial  locations  of  the  two 
waves  are  compared  at  150,  300,  and  400  /js.  The  heated 
region  has  also  clearly  altered  the  trailing  structure  of  the 
rightward  moving  wave  in  an  irreversible  manner. 

As  a  point  of  further  comparison  and  contras^  we 
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FIG.  4.  (a)  Quasi  ID  calcuiations  for  a 
propagating  shock  in  a  tube  in  the  ab- 
.sence  of  wall  friction.  Note  the  simi¬ 
larity  between  the  leftward  traveling 
wave  and  the  2D  shock  propagation  in 
an  unconfined  gas  [Rg.  2(a)].  The 
rightward  traveling  shock  encounters 
the  same  heated  region  as  in  the  ca.se 
shown  in  Rg.  3(a),  but  clearly  remains 
intact  even  upon  reemergcnce  into  the 
cold  gas.  (b)  Simulated  PAD  signal 
obtained  by  differentiating  the  density 
profile  shown  in  Rg.  4(a). 


present  solutions  of  the  (inviscid)  quasi  one-dimensional 
equations  for  this  case  in  Figs.  4(a)  and  4(b).  As  in  the  2D 
case  presented  in  this  section^  energy  release  occurs  at  x 
=20  cm.  resulting  in  two  propagating  shocks.  The  rightward 
moving  shock  wave  is  made  to  encounter  a  heated  region 
exactly  as  for  the  shock  shown  in  Hgs.  3(a)  and  3(b),  while 
tl^  leftward  moving  wave  is  not  It  can  be  seen  from  Figs, 
4(a)  and  4(b)  that  while  the  quasi  ID  (one-dimensional)  so¬ 
lution  predicts  the  acceleration  of  the  rightward  moving 
wave,  it  shows  no  splitting  in  the  simulated  PAD  signal  due 
to  the  purely  axial  thermal  gradients.  The  same  features  ob¬ 
served  in  the  2D  viscous  solution  for  shock  propagation  in 
unconfined  Argon  (i.e.,  in  the  absence  of  wall  shear)  are 
found  in  numerical  solution  of  the  quasi  one-dimensional 
inviscid  equations  as  well.  This  can  be  seen  in  Fig.  4(a) 
along  with  the  associated  simulated  PAD  signal  in  Fig.  4(b). 
The  quasi  one-dimensional  solution  is  seen  to  be  virtually 
identical  to  the  2D  viscous  solution  without  wall  shear.  This 
serves  to  confirm  that  viscous  effects  in  the  absence  of  a 
boundary  or  wall  serve  to  diminish  the  amplitude  of  the 
simulated  PAD  signal  but  do  not  introduce  any  splitting  or 
spreading  of  the  signal 

Figure  5  shows  the  radial  profiles  of  the  axial  component 
of  flow  velocity  induced  by  the  leftward  moving  shock  wave 
at  t=150>tis,  for  three  different  locations.  As  can  be  seen 
from  Fig.  5,  a  jet-like  velocity  profile  is  produced  at  jc 
=  13.6  cm,  just  behind  the  shock  front.  This  is  typical  of  the 
flow  behind  weak  shock  waves  considered  in  this  work 
(Af  2),  for  which  the  induced  flow  is  laminar  and  vorticity 
generation  via  the  baroclinic  effect  caused  by  the  (V/>) 
X(Vp)  term  in  the  momentum  equation  (see  Ref.  7)  is  sup¬ 
pressed  due  to  viscous  effects  as  shown  first  in  Ref.  16.  Con¬ 
sequently,  it  can  be  seen  that  vorticity  generation  leading  to 


shock  curvature,  as  suggested  in  Ref  7,  is  not  the  mechanism 
responsible  for  the  curvature  of  a  weak  shock  leading  to  an 
apparently  split  PAD  signal.  The  baroclinic  term  may  indeed 
be  important  for  strong  shocks,  and  is  in  fact  implicitly  in¬ 
cluded  in  the  present  work.  The  velocity  profile  of  the  in¬ 
duced  flow  behind  the  shock  front  can  be  seen  to  relax  in 
Fig.  5  to  a  more  rounded  profile  at  jc  =  16cm,  typical  of  a 
laminar  flow,  and  is  consistent  with  previous  analyses  of 
flows  induced  behind  weak  shocks.*^  Immediately  behind  the 


HG.  5.  Radial  profiles  of  the  axial  component  of  flow  velocity  induced  by 
passage  of  the  shock  are  .shown  here  for  the  leftward  moving  wave  of  the 
second  ca.se,  150  /is  after  the  initiation  of  the  shock  wave,  for  fliree  diftercnt 
spatial  locations.  The  location  jc=  13.6  cm  refers  to  the  position  just  behind 
the  shock  6*001,  while  x=14cm  and  x=16cm  refer  to  locations  further 
behind  the  shock  fi-ont. 
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shock  however,  the  velocity  profile  begins  developing  a 
point  of  inflection  at  the  wall.  This  indicates  that  a  higher 
shock  Mach  number  would  have  generated  flow  reversal  near 
the  boundary  and  induced  vorticity  behind  the  shock. 

Several  conclusions  can  be  drawn  from  these  important 
pedagogical  cases.  First  and  foremost,  it  has  been  shown  that 
a  bounding  wall  alone  with  its  associated  wall  shear  can 
produce  splitting  in  the  PAD  signal  in  the  absence  of  any 
thermal  gradients.  However,  this  effect  of  wall  shear  depends 
on  the  initial  loading  of  energy  by  the  spark  into  the  gas  and 
the  length  of  travel.  In  other  words,  an  amount  of  energy 
larger  than  the  0.433  mJ  added  in  the  present  simulations 
would  delay  splitting  of  the  PAD  signal  in  the  presence  of 
wall  shear  alone,  to  longer  distances  of  travel.  This  is  the 
case  in  the  experim^ts  of  Refs.  1-3.  Second,  axial  thermal 
gradients  produce  split  PAD  signals  whose  trailing  structures 
appear  to  be  diminished  in  magnitude  compared  to  their 
counterparts  produced  by  wall  friction.  This  splitting  is  again 
due  to  wall  shear  magnified  by  the  increased  viscosity  result¬ 
ing  from  the  hi^er  temperature  in  the  heated  region.  The 
split  simulated  PAD  signal  structure  also  comprises  a  pri¬ 
mary  peak  or  leader,  followed  by  multiple  peaks  that  are 
smaller  in  magnitude  compared  to  the  leader.  Third,  wall 
friction  and  purely  axial  thermal  gradients  both  produce 
simulated  PAD  signal  structures  that  have  zero  crossings  be¬ 
tween  the  leading  and  trailing  structures.  In  contrast,  experi¬ 
mental  PAD  signals  show  no  such  zero  crossing.  Finally  and 
expectedly,  wall  friction  slows  down  the  shock  wave 
whereas  heating  accelerates  it.  These  effects  are  examined 
next  in  the  presence  of  radial  thermal  gradients. 

C.  Propagation  into  a  heated  region,  followed  by  a 
coicter  region:  Effects  of  axial  and  radial 
temperature  gradients 

It  has  previously  been  suggested  that  the  presence  of 
radial  thermal  gradients  can  explain  the  structure  of  observed 
PAD  signals  as  a  sparic-generated  shock  wave  propagates 
through  a  glow  discharge.^^^  However,  these  analyses  were 
conducted  in  the  absence  of  wall  friction,  which  has  been 
shown  here  to  be  as  important  as  thermal  gradients  in  influ¬ 
encing  the  structure  of  the  simulated  PAD  signal.  It  is  im¬ 
portant  to  also  note  that  earlier  analyses  have  considered  ra¬ 
dial  thermal  gradients,  but  without  isolating  the  effects  of 
purely  axial  thermal  gradients.  Furthermore,  when  a  shock  is 
initiated  using  a  sparic  in  a  region  of  initially  uniform  tem¬ 
perature  and  then  launched  into  a  region  with  radial  thermal 
gradients,  it  must  necessarily  encounter  axial  thermal  gradi¬ 
ents  as  weU.  The  effects  of  purely  axial  thermal  gradients 
have  been  delineated  in  Sec.  DI B,  and  we  now  examine  the 
effects  of  radial  thermal  gradients  in  the  presence  of  viscos¬ 
ity  and  wall  shear. 

Equations  (l)-(4)  are  solved  as  described  in  Sec.  II  with 
no-slip  boundary  conditions  for  the  5  cmdiam  cylindrical 
tube  described  earlier.  Figures  6(a)  and  6(b)  show  the  cen¬ 
terline  profiles  of  normalized  density,  p(jc,r=0),  and  the 
simulated  PAD  signal,  at  100, 150,  300,  and  400  /£s,  respec¬ 
tively.  As  in  the  previous  case  discussed  in  Sec.  niB,  the 
rightward  moving  wave  is  launched  into  a  heated  region. 
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where  the  temperature  varies  from  300  to  1000  K  along  the 
centerline  at  jc=25cm  and  from  1000  K  back  to  300  K  at 
x=30cm.  Within  this  region,  25  cm^x^30cm,  a  parabolic 
radial  distribution  in  temperature  is  prescribed  varying  from 
1000  K  at  the  centerline  to  300  K  at  the  wall.  The  leftward 
moving  wave  by  contrast,  encounters  no  thermal  gradients 
and  propagates  into  the  uniform  gas  and  is  subjected  solely 
to  the  effects  of  viscosity  and  wall  shear.  The  leftward  mov¬ 
ing  wave  shows  the  same  behavior  in  Rgs.  6(a)  and  6(b)  as 
discussed  in  Sec.  IHB  [see  Figs.  3(a)  and  3(b)].  The  right- 
ward  moving  wave  displays  the  effects  of  splitting  and 
spreading  in  the  simulated  PAD  signal,  as  can  be  seen  in 
Figs.  6(a)  and  6(b).  However,  there  are  some  differences  in 
the  present  case  due  to  the  additional  presence  of  radial  ther¬ 
mal  gradients.  First,  radial  thermal  gradients  can  be  seen  to 
dinunish  the  PAD  signal  in  addition  to  axial  thermal  gradi¬ 
ents.  Second,  the  split  PAD  signal  structures  are  spread  fur¬ 
ther  apart  by  the  additional  presence  of  radial  gradients  in 
temperature.  Radial  gradients  in  temperature  produce  curva¬ 
ture  of  the  shock  front  siiK;e  different  portions  of  the  front 
are  subjected  to  different  temperatures.  Third,  the  split  PAD 
signal  does  not  show  a  zero  crossing  between  the  leading  and 
the  trailing  structures,  as  in  the  cases  discussed  earlier.  Fi¬ 
nally,  the  leader  has  a  smaller  amplitude  compared  to  the 
trailing  structures  in  the  presence  of  radial  thermal  gradients, 
but  this  situation  reverses  only  a  100  ;£4S  later.  In  contrast,  in 
the  case  of  wall  shear  and  purely  axial  thermal  gradients,  the 
leader  always  has  a  higher  magnitude  than  the  trailing  struc¬ 
tures  in  the  PAD  signal  The  significance  of  the  relative  mag¬ 
nitudes  of  the  leading  and  trailing  peaks  of  the  PAD  signal  is 
unclear  since  no  definite  trend  has  been  reported 
experimentally.^’^ 

The  effects  on  shock  fMOpagation  of  a  bounding  wall 
with  associated  wall  friction,  pxirely  axial  thermal  gradients, 
and  radial  thermal  gradients,  may  now  be  summarized.  It  has 
been  shown  that  the  effect  of  a  bounding  wall,  i.e.,  wall 
shear,  is  capable  of  producing  split  PAD  signals  in  the  ab¬ 
sence  of  any  thermal  gradients.  This  apparent  splitting  is 
caused  by  retardation  of  the  propagating  shock  in  the  neigh¬ 
borhood  of  the  wall  as  compared  with  the  centerline.  This 
leads  to  shock  curvature  near  the  wall  manifesting  itself  as  a 
split  PAD  signal.  The  case  of  a  shock  wave  traversing 
through  a  heated  region  and  subjected  to  purely  axial  thermal 
gradients  has  shown  that  wall  shear  can  cause  apparent  split¬ 
ting  in  the  PAD  signal.  This  is  an  effect  that  is  at  least  two- 
dimensional,  and  cannot  be  observed  in  quasi-lD  solutions. 
The  case  of  a  shock  wave  propagating  through  a  heated  re¬ 
gion  and  subjected  to  both  axial  and  radial  thermal  gradients 
also  shows  that  the  effects  of  wafl  friction  are  important. 
However,  as  observed  in  the  earlier  inviscid  simulations  re¬ 
ported  in  Refs.  6  and  7,  radial  thermal  gradients  influence  the 
shock  propagation  in  a  manner  similar  to  what  has  been 
found  here  to  be  due  to  wall  friction,  as  far  as  splitting  of  tiie 
PAD  signal  is  concerned.  It  is  clear  why  the  earlier  inviscid 
(Euler)  simulations^’^  of  this  problem  required  radial  thermal 
gradients  to  explain  splitting  of  the  experimentally  observed 
PAD  signal  There  is  no  wall  shear  in  the  inviscid  calcula¬ 
tions,  which  resemble  the  case  discussed  in  Sec.  Ill  A  of  this 
paper.  Splitting  of  the  PAD  signal  requires  either  a  retarding 
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Axial  Distance  (cm) 


FIG.  6.  (a)  Profiles  of  mass  density 
alcmg  r=0  nondimensionalized  by  tfie 
undisturbed  gas  density, 

=  0.0641  kg/m^,  are  shown  here  vs  die 
axial  coordinate,  jc,  at  several  instants 
(100,  150,  300,  and  400  /ts,  respec¬ 
tively)  after  energy  addition  leads  to 
foimafion  of  a  propagating  shock.  This 
result  is  for  the  case  of  shock  propaga¬ 
tion  ha  Argon  initially  at  30  Torr  and 
300  K,  with  no-slip  conditions  applied 
at  the  walls.  This  case  ccmsid^  die 
realistic  bounded  viscous  flow  induced 
by  a  traveling  shock  in  a  5  cm  diam 
tube,  where  the  rightward  traveling 
wave  encounters  a  heated  region  -with 
an  initial  radial  distribution  of  tem¬ 
perature.  This  case  consid^  flic  ef¬ 
fects  of  both  axial  and  radial  thermal 
gradients  as  well  as  wall  shear,  (b) 
Simulated  PAD  signal  obtained  by  in¬ 
tegrating  the  axial  derivative  of  den¬ 
sity  (corresponding  to  (a))  in  the  trans¬ 
verse,  i.e.,  radial  direction,  (c)  Profiles 
of  density  for  the  ri^tward  moving 
wave  are  shown  here  at  300  jjs,  at  two 
different  radial  locations:  r=0,  and  r 
=  1.5  cm.  It  is  flic  radial  staggering  of 
these  density  profiles  fliat  gives  ri.se  to 
apparent  splitting  in  the  PAD  signal. 
In  this  case,  flie  portion  of  flie  shock 
wave  nearest  the  wall  is  retarded  rela¬ 
tive  to  its  countezpait  at  the  centerline 
doe  to  the  lower  temperatures  near  the 
wall,  and  therefore,  lags  behind  in 
space  (and  in  time).  This  gives  the  ap¬ 
pearance  of  two  or  more  split  struc¬ 
tures  in  the  PAD  signal 


force  at  the  wall  or  a  colder  temperature  near  the  wall  rela¬ 
tive  to  the  centerline,  in  order  to  produce  axially  staggered 
density  profiles  in  the  radial  direction  as  shown  in  Figs.  3(c) 
and  6(c).  There  are  also  noticeable  differences  in  the  relax¬ 
ation  of  the  density  profiles  between  the  cases  discussed  in 
Secs,  in  A  and  niB,  as  the  shock  re-emerges  from  the 
heated  region  into  the  colder  gas.  As  can  be  seen  in  Figs. 
3(a)-*3(c)  and  6(a)-*6(c),  there  appears  to  be  a  characteristic 
relaxation  distance  (or  equivalently,  a  relaxation  time)  for  the 


PAD  signal  to  recover  its  sharp  Delta  function-like  character 
as  the  shock  emerges  from  the  heated  region.  This  relaxation 
distance  (or  time)  is  influenced  by  thermal  gradients  as  the 
shock  wave  propagates  down  the  tube.  A  distinct  relaxation 
distance  (or  time)  can  also  be  seen  to  exist  for  momentum 
relaxation,  as  can  be  seen  by  comparing  the  respective  posi¬ 
tions  of  the  shock  front  at  300  and  400  /£S  in  Figs.  3(b),  4(b), 
and  6(b).  The  shock  speed  reduces  to  approximately  the 
same  value  upon  emergence  from  file  heated  region  in  all 
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cases,  independent  of  its  velocity  as  it  leaves  the  heated  re¬ 
gion.  This  strongly  suggests  that  there  are  two  distinct  relax¬ 
ation  distances  (and  hence  relaxation  times).  One  dictates  the 
relaxation  of  the  distortion  in  the  profiles  themselves,  and  is 
indicative  of  energy  relaxation.  The  other  governs  the  speed 
of  propagation  of  the  shock  fronts  and  is  indicative  of  mo¬ 
mentum  relaxation. 

Given  this  detailed  understanding  of  wall  shear,  axial 
tl^nnal  gradients,  and  radial  thermal  gradients,  the  measure¬ 
ments  of  Refs*  1  and  2  can  be  better  interpreted  and  under¬ 
stood.  The  PAD  signals  reported  in  Refs.  1  and  2  are  clearly 
proportional  to  the  axial  density  gradient,  as  suggested  in 
Refs.  6  and  7.  The  small  negative  spike  observed  in  the  trail¬ 
ing  portion  of  a  peak  in  the  simulated  PAD  signal  and  not 
observed  in  all  cases  in  experiments  can  be  understood  as  a 
limitation  in  sensitivity  in  the  PAD  measurement  technique 
itself.  In  other  words,  only  a  minimum  or  threshold  value  of 
the  magnitude  of  dpfdx  leads  to  a  detectable  signaL  This  is 
why  the  experimentally  measured  PAD  signals  exhibit  the 
sharp  delta  function-like  character  where  the  corresponding 
density  profiles  are  roughly  triangular  in  shape.  The  experi¬ 
mental  PAD  signals  are  sensitive  to  the  steep  slope  in  the 
rising  portion  of  the  density  profiles  and  either  less  sensitive 
or  not  sensitive  at  all  to  the  shallower,  trailing  portions  of  the 
propagating  shock  structure.  Attenuation  of  the  experimen¬ 
tally  observed  PAD  signals  within  the  glow  discharge  can 
indeed  be  explained  by  the  effects  of  heating  within  the  glow 
discharge,  as  previously  suggested  first  in  Ref  6,  and  subse¬ 
quently  in  Ref  7.  However,  tiie  most  interesting  features  of 
shock  propagation  appear  to  occur  downstream  of  the  glow 
discharge  in  the  experiments  of  Ref  2  and  downstream  of 
the  heated  regions  in  the  simulations  reported  in  this  work. 
This  work  suggests  that  there  exist  two  distinct  relaxation 
times  for  relaxation  of  energy  and  momentum  within  the 
propagating  shock  structure,  which  ate  profoundly  affected 
by  heat  addition  and  external  forces  such  as  wall  Mction.  In 
this  regard,  the  recent  direct  simulation  Monte  Carlo 
(DSMC)  analysis  reported  in  Ref  17,  which  considers  the 
effects  of  electrostatic  forces  caused  by  diarge  separation 
across  the  shock  front  on  the  propagating  shock  structure,  is 
most  relevant.  As  the  ^ock  traverses  the  electrode  in  the 
glow  discharge  in  Refs.  1—3,  it  encounters  the  sheath  region 
near  the  electrode  with  its  associated  relatively  high  electric 
fields.  The  presence  of  fields  of  this  magnitude  (on  the  order 
of  kV/cm)  can  induce  substantial  charge  separation  across 
the  shock  fiont,  and  must  affect  tiie  relaxation  of  momentum 
of  the  propagating  structure.  In  fact,  the  presence  of  an  elec¬ 
trostatic  body  force  is  completely  analogous  to  the  presence 
of  wan  Mction  considered  in  this  work,  and  raises  the  pos¬ 
sibility  of  altering  shock  structure  and  shock  propagation 
characteristics  in  the  presence  of  ionization  and  externally 
applied  electric  fields.  The  possibility  of  mitigating  the 
strength  of  propagating  detonation  shocks  by  application  of 
electric  fields  was  first  suggested  by  J.  J.  Thomson  as  early 
as  1910,^®  but  met  with  mixed  success  in  expenmental  at¬ 
tempts  to  verify  his  idea.^^*^ 
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IV.  SUMMARY  AND  CONCLUSIONS 

The  characteristics  of  shock  waves  generated  by  rapid 
heat  addition,  such  as  from  a  capacitively  discharged  electric 
spark,  have  been  numerically  simulated  in  argon  initially  at 
30  Torr  and  300  K.  Instantaneous  spatial  profiles  of  density, 
induced  flow  velocity,  temperature,  and  pressure  have  been 
calculated  by  solving  the  compressible  Navier-Stokes  equa¬ 
tions  using  the  linearized  block  implicit  (LBI)  method  of 
Briley  and  McDonald.  Shock  waves  initiated  by  a  simulated 
spark  and  their  subsequent  propagation  in  a  cylindrical  tube 
have  been  analyzed  in  this  paper,  under  four  different  condi¬ 
tions:  (a)  Without  wall  friction,  (b)  with  wall  friction,  (c) 
with  wall  friction  and  purely  axial  thermal  gradients,  and  (d) 
with  wall  friction  and  both  axial  and  radial  thermal  gradients. 

Three  important  conclusions  can  be  drawn  from  the 
analysis  presented  in  this  paper: 

(1)  First,  wall  friction  alone,  in  the  absence  of  thermal 
gradients,  can  produce  splitting  in  simulated  photo-acoustic 
deflection  (PAD)  signals.  Such  splitting  has  been  shown  in 
this  work  to  be  caused  by  deceleration  of  the  shock  wave  in 
the  near-wall  regions  relative  to  the  centerline,  resulting  in 
mild  curvature  of  the  shock  front.  Note  fliat  a  split  PAD 
signal  does  not  imply  splitting  of  the  shock  wave  but  indi¬ 
cates  curvature  or  tilting  of  the  shock  front.  A  significant 
implication  of  this  conclusion  is  that  external  forces  (i.e., 
body  forces  such  as  electrostatic  forces  or  boundary  effects 
such  as  wall  shear)  may  be  useful  in  modification  of  shock 
structure  or  inclinations.  However,  it  remains  to  be  shown 
whether  this  is  possible  to  implement  independently  of  any 
thermal  effects.  Splitting  of  the  PAD  signal  due  to  wall  fric¬ 
tion  alone  was  not  observed  in  the  experiments  of  Refs.l  and 
2,  and  is  due  to  the  difference  in  the  magnitude  of  tiie  initial 
energy  loading  between  our  simulations  (0.433  mJ)  and  ex¬ 
periments  of  Refs.  1  and  2  (typically  on  the  order  of  several 
Joules).  Nevertheless,  the  analysis  presented  in  this  paper 
aids  in  interpreting  experimental  measurements  such  as  those 
reported  in  Refs.  1  and  2  by  delineating  the  contributions  of 
various  phenomena  to  the  observed  PAD  signal. 

(2)  Secondly,  the  effects  of  wall  friction  and  radial  flier- 
mal  gradients  have  been  shown  to  be  similar,  with  the  latter 
augmenting  and  enhancing  the  effects  of  friction  at  a  bound¬ 
ary.  Earlier  inviscid  (Euler)  simulations  have  proposed  tiie 
presence  of  radial  thermal  gradients  as  the  cause  of  splitting 
of  the  PAD  signal.^’^  Recently,  compelling  experimental  evi¬ 
dence  for  the  importance  of  thermal  gradients  has  been 
published.^® 

(3)  Thirdly,  the  results  of  these  simulations  suggest  the 
presence  of  two  distinct  relaxation  times  with  regard  to 
shock  propagation,  a  relaxation  time  for  momentum,  and  a 
relaxation  time  for  energy.  In  the  simulations,  the  speed  of  a 
shock  wave  as  it  emerges  from  a  heated  region  into  the  cold 
gas  is  found  to  assume  similar  values  regardless  of  the  initial 
velocity  of  the  shock  as  it  leaves  the  heated  region.  However, 
a  significantly  longer  time  (or  equivalent  distance)  elapses 
before  the  PAD  signal  recovers  its  sharp,  delta  fiinction-like 
feature.  In  otiier  words,  a  significantly  longer  time  (or 
equivalent  distance)  elapses  before  the  curvature  of  the  shock 
wave  vanishes  and  a  straight  front  is  restored. 
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Detailed  experimental  measurement  of  shock  velocities 
and  relaxation  of  shock  characteristics  downstream  of  the 
glow  discharge  would  be  invaluable  in  understanding  (he 
momentum  and  energy  relaxation  phenomena  implied  by  the 
recovery  of  the  PAD  signal.  Additionally,  spatially  and  tem¬ 
porally  resolved  temperature  measurements  would  serve  to 
provide  information  regarding  the  magnitude  of  thermal  gra¬ 
dients  and  their  associated  impact  on  shock  propagation  and 
relaxation  phenomena. 
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Photo-acoustic  deflection  (PAD)  measurements  are  presented  for  a  weak  spark-generated  shock 
wave  propagating  in  argon  at  40  Torr  in  a  cylindrical  tube.  Measurements  indicate  that  for  a  given 
shock  strength,  there  is  a  maximum  distance  of  travel  beyond  which  the  shock  front  is  nonplanar, 
consistent  with  the  predictions  of  numerical  calculations  reported  recently  [S.  M.  Aithal  and  V.  V. 
Subramaniam,  Phys.  Fluids  12,  924  (2000)].  The  initially  planar  shock  wave  exhibits  curvature  at 
downstream  locations  in  the  shock  tube  in  the  absence  of  any  imposed  temperature  gradients.  Since 
the  PAD  signal  is  a  line-of-sight  measurement,  it  is  sensitive  to  the  axial  gradient  of  density  at  all 
radial  locations,  and  shock  curvature  manifests  itself  as  a  split  and  spread  PAD  signal.  In  contrast, 
a  planar  shock  registers  a  sharp,  delta-function-like  PAD  signal.  The  curvature  of  weak  shocks 
observed  in  the  present  experiments  is  due  to  viscous  action  alone,  as  the  wall  shear  retards  the 
near-wall  portions  of  the  front  relative  to  its  near-axis  portions.  The  PAD  signal  associated  with 
shock  curvature  due  to  wall  shear  alone  is  found  to  closely  resemble  that  due  to  externally  imposed 
radial  temperature  gradients  such  as  in  a  glow  discharge  plasma.  ©  2001  American  Institute  of 
Physics.  [DOI:  10.1063/1.1378033] 


Experiments  in  the  former  Soviet  Union*”"^  and,  more 
recently,  in  the  United  States^' have  documented  certain 
characteristics  of  shock  waves  propagating  through  a  weakly 
ionized  (n^/n~10”*-10~^)  plasma  in  a  shock  tube.  These 
include  an  increase  in  shock  propagation  velocity  within  the 
plasma  and  an  apparent  broadening  of  the  shock  front  as 
recorded  by  photo-acoustic  deflection  (PAD)  measurements. 
Recent  work^’*^  has  attributed  the  former  effect  to  heating  of 
the  gas  by  the  glow  discharge  and  the  latter  to  the  presence 
of  radial  temperature  gradients  within  the  glow  region.  Ra¬ 
dial  temperature  gradients  can  indeed  produce  different  ve¬ 
locities  for  the  shock  front  on  the  tube  axis  and  the  region 
near  the  wall.  It  has  been  suggested  that  this  results  in  cur¬ 
vature  of  the  shock  front  and  explains  the  apparent  broaden¬ 
ing  and  splitting  observed  in  photoacoustic  deflection  sig¬ 
nals.  Recently,  numerical  calculation  of  the  characteristics  of 
spark-generated  shock  waves  has  shown  that  wall  shear  can 
also  produce  curvature  of  the  shock  front  in  the  absence  of 
any  radial  thermal  gradients,  depending  on  the  shock 
strength  and  available  length  of  the  tube.  In  this  Brief  Com¬ 
munication,  we  present  experimental  measurements  verify¬ 
ing  the  predictions  of  Ref.  12  for  a  weak  spark-generated 
shock  wave  propagating  in  argon  at  40  Torr  and  300  K, 
under  the  action  of  viscous  effects  alone  and  in  the  absence 
of  radial  thermal  gradients. 

The  experimental  apparatus  comprises  a  pyrex  glass  tube 
(1  m  long  and  5  cm  in  diameter),  with  a  Kolb  tube  for  gen¬ 
erating  the  shock  at  one  end  (see  Refs.  5-8  for  further  de¬ 
tails).  As  shown  in  Fig.  1,  the  shock  is  produced  by  a  high- 
voltage  spark  discharge  (lasting  on  the  order  of 
microseconds)  in  argon  gas  at  a  pressure  of  40  Torr.  This 


rapid  energy  addition  into  the  gas  results  in  a  sudden  rise  in 
gas  temperature  and  pressure,  and  produces  compression 
waves  that  steepen  to  form  shock  waves  traveling  in  opposite 
directions.  The  shock  tube  has  three  flanges  ladled  1-3  in 
Fig.  1,  starting  from  closest  to  the  Kolb  tube,  and  shock 
characteristics  are  explored  at  various  axial  locations  down¬ 
stream  from  the  first  flange  (position  1)  using  photoacoustic 
deflection.^”*  Typically,  spark  discharge  voltages  in  excess 
of  about  3  kV  are  required  to  reliably  produce  shock  waves 
which  then  are  capable  of  traveling  the  entire  length  of  the 
tube.  The  numerical  results  of  Ref.  12  show  that  the  maxi¬ 
mum  distance  traveled  by  such  a  shock  before  succumbing  to 
the  effects  of  wall  shear  depends  on  the  amount  of  energy 
initially  imparted  to  the  gas  by  the  spark  discharge.  Unfortu¬ 
nately,  it  is  extremely  difficult  to  control  the  energy  loaded 
into  the  gas  by  the  spark  in  a  repeatable  manner  simply  by 
adjusting  the  spark  duration  or  supply  voltage.  Consequently, 
another  means  to  observe  the  effects  of  wall  shear  on  weak 
shock  waves  is  used  in  the  present  work.  When  the  spark  is 
discharged  in  the  gas,  two  shock  waves  are  produced,  one 
traveling  to  the  right  along  the  shock  tube  and  one  traveling 
to  the  left,  as  described  in  Ref.  12.  The  leftward  moving 
shock  reflects  off  the  short  end  of  the  tube  and  follows  the 
primary  shock  that  travels  to  the  right.  This  secondary,  re¬ 
flected  shock,  is  weaker  (M=  1.009)  than  the  primary  shock 
wave  (M=  1.025)  and  lags  approximately  265  pus  behind. 
The  secondary  shock  wave  is  further  weakened  by  passing  it 
through  a  constriction  with  an  axially  centered  orifice,  6  mm 
in  diameter,  located  at  position  1  (see  Fig.  1).  The  primary 
shock  wave  also  passes  through  this  orifice.  After  the  pri¬ 
mary  shock  wave  emerges  as  a  curved  front  and  then  steep- 


1070-6631/2001/13(8)/2441/4/$18.00  2441  ©2001  American  Institute  of  Physics 

Downloaded  18  Jul  2001  to  164.107.170.56.  Redistribution  subject  to  AlP  license  or  copyright,  see  http://ojps.aip.org/phf/phfcr.jsp 


2442  Phys.  Fluids,  Vol.  13.  No.  8,  August  2001 


A.  R.  White  and  V.  V,  Subramaniam 


FIG.  1.  Schematic  of  shock  tube  apparatus.  A  spark 
discharge  in  the  Kolb  tube  at  the  left  results  in  the  for> 
mation  of  a  primary  shock  traveling  to  the  right  A  sec¬ 
ondary  shock  traveling  to  the  left  is  also  produced, 
which  then  reflects  off  the  left  boundary  and  follows  the 
primary  shock  to  the  right  An  orifice  is  placed  at  the 
first  flange  (position  1)  in  order  to  weaken  the  second¬ 
ary  shock  wave. 


ens  into  a  planar  shock,  it  remains  planar  for  the  remainder 
of  the  tube.  The  secondary  shock  also  emerges  as  a  curved 
front  that  then  straightens  into  a  planar  shock  front  propagat¬ 
ing  along  the  shock  tube  (see  Fig.  2).  However,  this  second¬ 
ary  shock  wave  is  much  weaker  than  the  primary  and  does 
not  sustain  itself  as  a  planar  front  beyond  a  certain  location 
along  the  tube.  It  was  shown  in  Ref.  12  that  a  shock  of  given 
strength  will  succumb  to  viscous  effects  after  traveling  a  cer¬ 
tain  length  along  the  tube.  A  weaker  shock  will  therefore 
exhibit  effects  of  curvature  for  shorter  lengths  of  travel  com¬ 
pared  to  stronger  shocks,  despite  the  fact  that  wall  shear 
increases  with  shock  strength.  Since  the  shock  tube  used  in 
the  present  experiments  is  1  m  long,  the  distance  of  travel 
over  which  shock  curvature  due  to  viscous  effects  can  be 
studied  is  limited.  For  this  reason,  the  characteristics  of  the 
weaker  secondary  shock  are  examined  in  this  work  in  order 
to  study  its  formation  and  propagation  in  the  presence  of 
viscous  effects  alone. 

Figure  2  shows  both  the  primary  shock  and  the  second¬ 
ary  shock  from  the  same  experiment  at  a  location  of  57.5  cm 
from  position  1.  It  can  be  seen  from  their  sharp  delta- 


FIG.  2.  PAD  signal  vs  absolute  arrival  time,  showing  the  primaiy  and  sec¬ 
ondary  shock  waves  from  the  same  experiment,  at  a  location  of  57.5  cm 
downstream  of  the  orifice  located  at  position  1  (see  Fig.  1).  Note  the  sharp 
delta-function-like  appearance  of  the  signals  indicating  planar  fronts.  Note 
also  the  smaller  amplitude  of  the  secondary  shock  (right)  compared  to  the 
primaiy  shock  (left)  indicating  its  weakness. 


function-like  PAD  signal  shown  in  Fig.  2  that  both  are  pla¬ 
nar.  Note  that  the  secondary  shock  is  significantiy  weaker 
(i.e.,  has  a  lower  amplitude)  than  the  primary  shock  and  is 
8.56  cm  (265  fis)  behind  the  location  of  the  primary  shock. 
The  location  of  the  secondary  shock  (and,  hence,  its  arrival 
time),  relative  to  the  primary  shock  at  a  given  downstream 
location,  is  repeatable.  The  separation  between  the  two  shock 
waves  is  observed  to  increase  as  they  travel  down  the  length 
of  the  shock  tube.  The  secondary  shock  lags  the  primary 
shock  by  ^^265  downstream  of  position  1,  but  lags  by  as 
much  as  280  jjs  towards  the  end  of  the  shock  tube.  Figures 
3 (a) -3(c)  show  PAD  signal  data  for  the  secondary  shock 
wave  at  various  axial  locations  downstream  from  the  orifice 
(position  1).  In  Fig.  3(a),  it  can  be  seen  from  the  split  and 
spread  PAD  signal  that  the  secondary  shock  is  curved  imme¬ 
diately  downstream  of  the  orifice.  It  then  steepens  into  a 
planar  shock  front  [note  the  delta-function-like  appearance  in 
Fig.  3(b)],  and  is  subsequently  nonplanar,  as  can  be  seen 
fh)m  the  split  and  spread  PAD  signal  63  cm  downstream 
from  position  1,  shown  in  Fig.  3(c).  Figure  4  shows  details  of 
the  PAD  signal  of  both  the  primary  and  secondary  shock 
from  the  same  experiment  at  a  location  of  63  cm  downstream 
of  the  orifice.  Figures  3  and  4  clearly  show  that  the  second¬ 
ary  shock  is  nonplanar  immediately  after  it  emerges  from  the 
orifice,  straightens  out,  and  that  it  becomes  nonplanar  again 
further  downstream  due  to  the  action  of  wall  shear. 

The  PAD  signal  is  generated  as  the  shock  traverses  the 
path  of  the  transverse  laser  beam.  The  streamwise  density 
gradient  across  the  passing  shock  front  causes  the  laser  beam 
to  be  deflected  onto  the  detector,  resulting  in  the  generation 
of  a  sharp  peak.  The  amplitude  of  this  peak  is  proportional  to 
the  magnitude  of  the  density  gradient.  Thus,  we  may  write 

fR  dp 

For  a  perfectly  planar  front  dpidx  is  constant  versus  r,  the 
radial  coordinate.  In  this  case,  a  split  or  spread  PAD  signal  is 
indicative  of  curvature  of  the  front  itself  since  the  signal 
samples  various  radial  locations  along  the  line  of  sight.  On 
the  other  hand,  if  dptdx  exhibits  nonmonotonic  variation 
with  X,  this  can  contribute  to  splitting  and  spreading  of  the 
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PAD  signal  as  well.  The  numerical  calculations  reported  in 
Ref.  12  show  that  both  effects  are  present,  but  that  nonpla¬ 
narity  of  the  front  has  a  greater  influence  on  PAD  signal 
structure.  Furthermore,  nonmonotonic  variation  of  the  den¬ 
sity  with  X  would  result  in  multiple  PAD  signal  peaks  that  are 
on  the  order  of  30  jjls  apart,  with  the  troughs  approaching 
zero  signal.  In  contrast,  PAD  signals  in  the  present  experi¬ 
ments  exhibit  split  peaks  that  are  on  the  order  of  10  jjls  or 
less  apart  and  troughs  with  nonzero  amplitude  [see  Figs.  3(c) 
and  4],  We  can  therefore  be  reasonably  certain  that  the  ob¬ 
served  splitting  and  spreading  of  the  PAD  signals  is  indeed 
due  to  nonplanarity  of  the  shock  front. 

It  has  been  observed  experimentally  that  shock  waves  of 
moderate  strength  travel  a  greater  distance  before  succumb¬ 
ing  to  wall  shear,  compared  to  weak  (M~l)  shocks.  Their 
corresponding  PAD  signals  remain  sharply  peaked  compared 
to  the  weaker  shocks,  which  exhibit  split  and  spread  PAD 
signals.  There  are  two  possible  explanations  for  this  obser¬ 
vation.  First,  since  wall  shear  is  greater  for  the  stronger 
shock,  it  is  expected  to  be  smeared  near  the  wall.  In  this 
instance,  the  shock  would  remain  largely  planar  until  the 
near-wall  regions  where  it  would  simply  disappear,  thereby 
resulting  in  a  single  sharp  PAD  signal.  This  is  analogous  to 
classical  Fanno  flow,  where  a  supersonic  flow  can  be  reduced 
to  subsonic  speeds  without  shock  formation,  by  the  action  of 
wall  shear  alone.  The  second  possible  reason  involves  sensi¬ 


2.32  2.34  2.3$  2.4  Z42  2.44  2.46  2.46  Z6 

TinM(woon6«) 

FIG.  3.  (a)  PAD  signal  of  the  secondary  shock  wave  at  three  axial  loca¬ 
tions  (42, 48,  and  50  cm  downstream  of  position  1)  showing  the  evolution 
of  its  planarity  after  it  emeiges  from  the  orifice.  Note  the  increasing  am¬ 
plitude  of  the  signal  vs  axial  location,  indicative  of  steepening.  Further, 
note  die  split  and  spread  nature  of  the  PAD  signal,  indicative  of  curvature 
of  the  front,  (b)  PAD  signal  of  the  secondary  shock  wave  at  three  axial 
locations  (52.5,  55,  and  58  cm  downstream  of  position  1)  showing  its 
planarity  as  it  propagates  down  the  tube.  Note  the  relatively  constant  am¬ 
plitude  of  the  signal  vs  axial  location,  as  well  as  its  sharp  delta-function- 
like  appearance,  indicative  of  its  planarity,  (c)  PAD  signal  of  the  secondaiy 
shock  wave  at  three  axial  locations  (63,  67,  and  70  cm  downstream  of 
position  1)  showing  the  degeneration  of  its  planarity  as  it  succumbs  to  the 
effects  of  wall  shear.  Note  the  deaeasing  amplitude  of  the  signal  vs  axial 
location  as  well  as  the  split  and  spread  nature  of  the  PAD  signal,  indicative 
of  curvature  of  the  front  and  loss  of  planarity. 


tivity  of  the  PAD  measurement  itself.  Equation  (1)  shows  the 
true  nature  of  the  PAD  signal,  which  is  comprised  of  contri¬ 
butions  from  streamwise  density  gradients  at  various  radial 
locations.  Consequently,  the  axial  density  gradients  near  the 
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FIG.  4.  PAD  signal  vs  absolute  arrival  time,  showing  the  primary  and  sec¬ 
ondary  shock  waves  from  the  same  experiment  at  a  location  of  63  cm 
downstream  of  the  orifice.  Note  that  the  primary  shock  (on  the  left)  is  still 
planar  while  the  secondary  shock  (on  the  right)  exhibits  a  split  and  spread 
structure,  indicative  of  shock  curvature.  This  figure  should  be  compai^  to 
Fig.  2,  where  both  shocks  are  planar  upstream  of  the  location  presented  in 
this  figure. 


Downloaded  18  Jul  2001  to  164.107.170.56.  Redistribution  subject  to  AfP  license  or  copyright,  see  http://ojps.aip.org/phf/phfcr.jsp 


2444  Phys.  Fluids,  Vol.  13,  No.  8,  August  2001 


HG.  5.  Con^arison  of  PAD  signals  with  and  without  a  plasma.  The  PAD 
signal  on  the  left  is  for  a  M= 1.4  shock  wave  launched  into  a  glow  discharge 
plasma  in  argon  (10  mA,  4.5  kV)  at  30  Tom  The  PAD  signal  on  the  right  is 
for  a  M=  1.009  shock  wave  propagating  in  neutral  argon  at  40  Tom,  Note  the 
similar  effect  on  shock  structure  of  radial  temperature  gradients  (left)  and 
wall  shear  in  the  absence  of  temperature  gradients  (right). 


centerline  of  the  tube  as  well  as  near  the  walls  contribute  to 
the  PAD  signal.  In  the  case  of  moderately  strong  shocks,  the 
axial  density  gradient  at  the  centerline  is  considerably  larger 
than  that  near  the  walls,  and  hence  dominates  the  PAD  sig¬ 
nal.  In  contrast,  for  weaker  shocks  (i.e.,  M— 1),  the  axial 
density  gradients  in  the  near-wall  regions  are  comparable  to 
those  near  the  centerline,  and  hence  contribute  significantly 
to  the  PAD  signal.  Thus,  no  effects  on  the  PAD  signal  may 
be  observed  for  a  shock  of  moderate  strength  although  its 
curvature  may  actually  be  greater  than  that  of  a  weaker 
shock.  In  other  words,  while  shock  curvature  due  to  wall 
shear  may  occur  in  shocks  of  all  strength,  it  is  more  notice¬ 
able  the  weaker  the  shock  strength,  resulting  in  a  split  and 
spread  PAD  signal. 

Radial  temperature  gradients  that  exist  in  a  glow  dis¬ 
charge  have  been  shown  to  cause  curvature  of  the  shock 
front.^’*^  However,  curvature  of  the  shock  front  has  also  been 
shown  to  occur  in  numerical  calculations  due  to  the  presence 
of  a  retarding  force  such  as  wall  shear, In  the  present  ex¬ 
periments  without  a  glow  discharge,  and  with  no  externally 
imposed  thermal  gradients,  wall  shear  can  be  the  only  cause 
of  the  observed  split  and  spread  PAD  signals.  Figure  5  shows 
the  PAD  signal  of  a  primary  shock  wave  (M'^1,4)  in  the 
presence  of  a  glow  discharge  plasma  in  argon  (10  mA,  4.5 
kV,  30  Torr).  Also  shown  in  Fig.  5  is  the  PAD  signal  of  the 
secondary  shock  wave  (M^  1.009)  previously  displayed  in 
Fig,  4  in  the  absence  of  a  glow  discharge.  Note  that  the 
trailing  peak  is  smaller  in  magnitude  compared  to  the  leading 
peak,  consistent  with  the  near  wall  portion  of  the  shock  hav¬ 
ing  a  shallower  axial  density  gradient  compared  to  the  near 
axis  portion  of  the  shock.  Although  the  two  shock  strengths 
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in  Fig.  5  are  different,  this  figure  serves  to  highlight  the 
similarities  between  these  PAD  signals  and  shows  that  shock 
curvature  can  arise  either  from  radial  thermal  gradients  or 
due  to  wall  shear  alone.  It  is  important  to  mention  that  the 
comparison  in  Fig.  5  could  have  been  made  for  similar  shock 
strengths.  However,  a  much  longer  (several  meters  long) 
shock  tube  would  have  been  required  in  order  to  observe  the 
effects  of  wall  shear  alone  on  a  M~1.4  shock  wave.  This 
work  has  experimentally  verified  the  predictions  of  the  nu¬ 
merical  calculations  reported  in  Ref.  12  regarding  the  influ¬ 
ence  of  wall  shear  on  the  structure  of  weak  propagating 
shock  waves,  and  suggests  that  modification  of  shock  struc¬ 
ture  by  application  of  an  external  force  is  possible  even  in 
the  absence  of  any  thermal  effects.  Imaging  of  the  shock 
front  using  laser-induced  fluorescence  would  provide  further 
valuable  insight  into  the  structure  of  the  shock  front  itself. 
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Abstract 


The  bdiavior  of  spaik-generated  shock  waves  propagating  through  weakly  ionized  glow-discharge  plasmas  has  been 
recently  examined  e;q)erimentally[l-4].  The  shock  wave  is  observed  to  exhibit  curvature  of  the  firont[l-41,  non¬ 
monotonic  variation  of  velocity  along  dist^ce  of  travel[l,2],  a  propagation  velocity  that  possibly  shows  a  mild 
dependence  on  the  direction  of  the  electric  field[l,2],  and  recovery  lengths  on  the  order  of  several  tube  diameters 
downstream  of  the  discharge  before  the  firont  straightens  out[l,2].  Analysis  of  these  e?q)eriments  reveals  that  most 
of  the  observations  can  be  explained  by  the  combined  presence  of  radial  temperature  gradients  within  the  glow 
discharge[2-8],  as  well  as  wall  shear[2,8].  It  is  clear  that  if  any  electrostatic  effects  impact  the  shodc  wave 
propagation,  they  are  well  masked  by  the  dominant  effects  of  radial  thermal  gradioits  and  wall  shear.  In  this  psper, 
we  rqtort  on  shock  propagation  in  two  different  types  of  discharges  containing  Argon  with  3.3%  CO,  a  standard  DC 
glow  discharge  and  an  electrodeless  optically  punq>ed  discharge[9].  The  presence  of  CO  leads  to  fonnation  of  C2 
that  allows  ^proximate  determination  of  gas  tenq>erature  via  radiative  emisnon  fiom  the  Swan  bands  in  both 
discharges.  A  shodc  wave  is  launch^  into  the  two  cUscharges  as  described  in  ref.[2],  and  passage  of  die  shock  wave 
is  detected  using  photoacousdc  deflection  (PAD)  of  a  HeNe  laser  beam  as  described  in  refs.[l,2].  It  is  found  diat  the 
shock  wave  beha^or  as  determined  by  the  PAD  signal  diaracteristics  in  both  discharges  with  the  sami»  CO/Ar  gas 
mixture  are  very  amilar,  and  that  the  maximum  temperatures  are  comparable  in  both  discharges,  on  the  order  of 
1000  ±  200  K.  The  optically  punqied  discharge  is  shown  to  be  an  excellent  oiviionment  for  isolating  thennal 
effects  from  any  plasma  effects  that  may  be  madced. 


L  bitroduction 

Spark-generated  shock  waves  propagating- 
through  weakly  ionized  glow  disdiarge  plasmas 
exhibit  severd  features  when  observed  -using 
photoacoustic  deflection  (PAD).  Recent 
e;q)eriments[l,2]  show  diat  among  the  more 
significant  effects  observed  are  that: 

(1)  theshockaccderates  within  the  plasma,  reaching 
a  maidmum  average  ^eed  within  the  positive 
column,  and  decreasing  thereafter, 

(2)  the  shock  front  is  initially  planar  before  entering 
the  discharge  and  subsequently  becomes  sli^tly 
convex  within  the  ^chaige[8]; 

(3)  the  PAD  signal  is  diminished  in  amplitude, 
spread,  and  ^lit,  mthin  the  glow  discharge.  In 
the  absence  of  a  discharge,  the  PAD  signal  is  a 
sharp  peak  resembling  a  Delta  function; 

(4)  the  shock  pronqitiy  decelerates  tqpon  enting  the 
glow  discharge;  but  exhibits  a  split  and  spread 
PAD  signal  for  iq>  to  2  or  3  tube  diameters 
before  recovering  its  initial  Delta  function  -  like 
shape[8]; 

(5)  the  average  shodc  ^ed  increases  non-linearly 
and  concave-down  as  the  discharge  current  is 
increased;  and 

(6)  the  average  diode  ^ed  dqiends  on  the 
orientation  of  tiie  electric  field  within  the  glow 
disdiarge. 

Interpretation  of  the  PAD  signal 
measurements  was  greatly  aided  by  earlier  one- 
dimensional  models  and  2-D  inviscid  simulations  [3- 


7].  These  calculations  showed  that  a  two- 
dimensional  effect,  notably  the  radial  tenqierature 
gradient  existing  within  &e  ^ow  discharge  was 
re^onsible  for  most,  if  not  all  of  the  aforementioned 
experimental  observations.  The  most  compelling 
evidence  for  the  importance  of  radial  tenqieratuie 
gradients  is  the  recent  work  reported  in  ref.[4].  Of 
course,  effects  such  as  the  non-linear  variation  of  the 
shock  qieed  versus  disdiarge  current  and  long 
recovery  lengths  for  the  shock  to  recover  its  flat 
front,  caimot  be  explained  without  including  wall 
shear  (viscous  effects).  Wall  shear  has  since  been 
shown  to  be  inqiortant,  in  recent  con^ressible 
Navier-Stokes  simulations  of  spark-generated  shock 
waves  in  ArgQn[2,8].  Moreover,  it  has  been  shown 
recently  that  d^ending  on  the  enogy  loading  by  tiie 
spark  and  the  length  of  the  shock  tube,  wall  shear 
alone  can  produce  ^lit  and  ^read  PAD  signals  in  a 
manner  similar  to  radial  temperature  gradieiits, 
confirming  once  again  that  curvature  or  tilting  of  the 
propagating  shock  wave  results  in  ^lit  and  ^read 
PAD  signals[8].  The  significance  of  this  finding  is 
the  suggestion  that  shock  curvature  or  shock  tih 
within  a  shock  tube  may  be  produced  by  external 
forces  such  as  fiiction  at  a  boundary  or  body  force, 
even  in  the  absence  of  thermal  effects[8].  In  the 
eiqierimmits  of  refs.[14],  both  thermal  gradients  and 
wall  shear  are  present  and  influence  the  propagating 
diaracteristics  of  ^lark-generated  shock  waves.  The 
long  recovery  lengths  (on  the  order  of  two  or  three 
tube  diameters)  downstream  of  the  glow  disdiarge 
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are  also  observed  in  the  compressible  Navier-Stokes 
calculations  reported  in  ref.{8]  showing  that  plasma 
effects  do  not  need  to  be  invoked  to  e;q)lain  the 
e:q>erimental  observations. 

For  illustrative  purposes,  some  key  results 
firom  ref.  [8]  are  rq>roduced  here.  Figure  1  shows  tiie 
propagation  of  shock  waves  produced  by  r^id 
energy  addition  in  Ar  at  30  Torr.  Figure  la  shows 
density  (non-dimensionalized  by  po  =  0.0641  kg^m^) 
along  the  tube  centerline  as  a  function  of  axial 
location,  while  lug.  lb  shows  the  corre^onding 
simulated  PAD  signal  (proportional  to  dp/dx 
integrated  over  the  radial  Erection,  along  the  line  of 
sig^t).  As  can  be  seen,  the  leftward  moving  wave 
propagates  subject  only  to  wall  shear,  whereas  the 
rigfitward  moving  wave  encounters  a  region  (between 
X  =  25  OTL  and  x  =  30  ctrL)  where  the  temperature 
varies  radially  from  1000  K  at  the  centerline  to  300  K 
at  the  wall  Note  that  the  aforementioned  points  (1) 
through  (4),  are  evident  in  Figs,  la  and  lb. 
Moreover,  point  (5)  can  be  understood  to  arise  from 
the  opposing  effects  of  heating  and  wall  friction.  As 
the  current  in  the  discharge  is  raised,  the  temperature 
increases  as  the  square  of  the  current  while  the  shock 
q>eed  scales  as  the  square  root  of  tenqreratuie  for  a 
given  Mach  number.  Hence,  the  riiock  speed  riiould 
scale  linearly  with  the  discharge  current  if  thermal 
effects  alone  were  dominant  However,  wall  shear 
also  increases  as  the  shock  speed  increases, 
ultimately  limiting  the  speed  to  less  than  a  linear 
increase  versus  current  ft  would  be  natural  to  expect 
then  that  the  riiock  speed  should  exhibit  a  local 
maximum  and  concave-down  variation  with 
discharge  current  Figure  2  shows  the  calculated 
radial  variations  of  the  axial  conqronent  of  induced 
flow  velocity  at  several  locations  bdiind  the  leftward 
propagating  shock  wave  in  30  Torr  of  Argon  (from 
ref  [8]).  Note  that  viscous  effects  ate  quite  prominent 
at  this  pressure,  and  carmot  be  ignored 

The  only  remaining  point  to  be  addressed  is 
the  weak  dependence  of  the  shock  speed  on  the 
direction  of  the  electric  fidd  (point  (6)).  Since  ail  the 
calculations  and  simulations  thus  far  have  considered 
non-ionized  gases,  this  point  cannot  be  addressed 
Experimental  measurements  show  that  the  average 
shock  ^ed  within  the  glow  discharge  is  lu^er 
when  the  electric  field  is  opposed  to  the  direction  of 
shock  prDpagation(2].  This  too  may  be  understood  in 
toms  of  tirermal  ^ects  since  in  tius  orientation  (i.e., 
electric  field  rqrposed  to  the  direction  of  shodc 
propagation),  the  cathode  is  the  iqrstream  electrode 
and  is  e^qrected  to  be  the  hotter  of  &e  two  electrodes 
in  a  glow  disdiarge.  In  this  ptper,  prdimitiaty 
average  temperature  measurements  are  made  in  a 


3.3%  CO/96.7%  Ar  mixture  at  30  Torr,  using  the 
Swan  band  emission  from  C2.  The  characteristics  of 
a  qrark-generated  shock  launched  into  such  a  plasma 
are  discussed  and  contrasted  with  earlier 
measurements  in  a  pure  Ar  discharge[2].  An 
optically  pumped,  electrodeless  plasma  is  oeated  in 
the  same  CO/Ar  gas  rruxture  using  irradiation  fiom  a 
CO  laser[9].  Infiared  radiation  firom  the  CO  laser  is 
absorbed  by  the  low-lying  vibrational  levels  of  tire 
CO  molecules  and  re-distribirted  to  lugher  vibrational 
levels  via  anharmortic  W  purrqring  collisions[10]. 
As  a  result,  tiie  CO  molecules  react,  leading 
ultimately  to  formation  of  C2.  In  addition,  assodative 
ionization  by  pooling  of  vibrational  energies  bdween 
CO  molecules  results  in  the  production  of  electrons 
and  molecular  ions  such  as  (CO)2'^  or  CO'tll].  The 

electron  production  in  this  optir^y  punq>ed  plasma 
discharge  can  be  controlled  by  limiting  the  tq>- 
punq)ing  within  CO,  by  the  simple  addition  of  inert 
gases  such  as  He[l  1]. 

This  paper  is  orgaiuzed  as  follows.  The 
experimental  ^paratus  is  briefly  described  in 
Sections  IIA,  IIB,  and  m,  since  the  essential  details 
are  provided  in  refs.[l,2].  Some  additional 
measurements  related  to  the  local  velocity  minimum 
in  the  vidnity  of  the  iq[>stream-most  dectrode 
discussed  in  ref  [2]  for  shock  propagation  through  a 
glow  discharge  plasma  in  a  strai^t  diode  tube,  are 
^ven  in  Section  IIA.  Measurements  of  average 
shock  speeds  and  average  temperatures  for  shodes 
propagating  through  a  glow  discharge  in  pure  Ar  as 
well  as  in  a  3.3%  CO/96.7%  Ar  mixture  at  30  Torr, 
are  made  in  the  same  shock  tube  but  fitted  with  a  T- 
shaped  Kolb  tube  for  generating  the  shock  wave. 
These  results  are  provided  in  Section  IIB. 
E}q>eriments  are  done  in  this  geometry  to  ensure  that 
shock  propagation  charactoistics  are  unaffected  by 
the  elmge  in  the  geometry  of  the  ^ark-generating 
section  iqistieam.  The  same  T-tube  geometry  is  then 
used  to  aeate  an  optically  pumped  CO/Ar  plasma, 
into  which  a  ^ark-generated  shock  wave  is  launched. 
These  results  are  discussed  in  Section  m.  A 
summary  is  then  provided  in  Section  IV. 

IL  Experiments  in  DC  Glow  Discharges 
HA.  Shock  tube  with  straight  shock  generating 

spark  section 

The  eiqiaimental  ^paratus  used  in  the 
present  work  is  die  same  as  that  discussed  in  ref  [2], 
and  is  nearly  identical  to  tiiat  described  in  ref  [1].  ft 
consists  of  a  5  cm  diameter  closed  pyrex  tube 
conqiriring  a  central  glow  discharge  section.  A  Kolb 
tube  at  one  end  houses  the  sparic  gtq>  used  to  generate 
a  shock  wave.  The  spmk  gap  consists  of  a  pair  of 


tungsten  electrodes  with  a  gap  (fistance  of  1  cm.  The 
electrodes  are  cylindrical  rods  0.3175  cm.  (1/8  in.)  in 
diameter.  The  gas  is  Argon  maintained  at  a  pressure 
of  30  Torr.  As  described  in  ref.[2],  a  voltage  of  10 
kV  is  typically  inq>ressed  across  the  spark  gap, 
discharging  rqrproximately  25  J  of  energy  over  an 
proximate  time  interval  of  1  mioosecond. 
However,  only  a  fiaction  of  fliis  energy  from  the 
capacitive  discharge  is  loaded  into  the  gas.  A  ^ock 
wave  is  subsequently  formed  as  a  result  of  the  rapid 
energy  addition,  and  propagate  through  the  tube.  A 
glow  discharge  (30  mA  at  4  5  kV)  is  fonned 
downstream,  through  which  the  shock  propagates, 
and  is  created  using  a  pair  of  cylindri^  ring 
electrodes.  Addirional  details  are  provided  in  ref.  [2], 
as  are  detailed  measurements  of  PAD  sigo^ 
characteristics  and  average  shock  speed 
measurements  before  the  ^ow  discharge,  within  the 
glow  discharge,  and  downstream  of  the  glow,  for  two 
different  orientations  of  the  electric  field. 

Among  the  many  measurements  rqmrted  in 
ref.  [2],  was  the  existence  of  a  noticeable  local 
minimum  in  the  average  shock  speed  downstream  of 
that  electrode  closest  to  the  shock-generating  sparic 
section  iq>stream.  These  measurem^its  have  been 
carefully  repeated  using  the  technique  described  in 
ref.{2],  and  are  shown  here  in  Rgs.  3  and  4.  Figure  3 
shows  the  average  shock  ^eed  averaged  over  3  shots 
within  the  glow  disdiarge,  downstream  of  the  anode, 
which  is  the  electrode  closest  to  Ae  shock-generating 
^ark.  The  same  data  is  riiown  in  Hg.  4  for  the  case 
where  the  iqistream  electrode  (with  reject  to  the 
shock  propagation  direction)  is  ^e  cathode.  As  can 
be  seen  from  these  figures,  Ae  local  mirumum  in  die 
average  speed  is  present  at  all  currents,  irrespective 
of  the  direction  of  the  dectric  field.  It  is  likely 
therefore  that  this  minimum  in  the  average  shock 
^eed  though  counter  to  what  would  be  eiqiected  due 
to  heating  from  the  discharge,  is  due  to  the  presence 
of  the  electrode  and  die  shock  wave’s  encounter  with 
it- 

nb.  Shock  tube  with  T-tube  shock  generating 

spark  section 

Ihe  riiodc  tube  described  in  ref.  [2]  has  been 
fitted  with  a  T-tube  section  iqistream,  whidi  houses 
the  spark  discharge  used  to  generate  a  shock  wave. 
The  rest  of  the  shodc  tube,  containing  the  ring 
electrodes  for  the  DC  glow  discharge,  is  ideritical  to 
that  described  in  tef.[2].  A  schematic  of  the 
apparatus  is  riiown  in  Fig.  5.  hi  ordo'  to  verify  that 
the  T-tube  shock  generating  spark  section  produces 
propagating  shock  waves  siniilar  to  the  earlier 
strai^t  tube  described  in  ref.  [2]  and  briefly  in 


Section  HA,  some  experiments  were  conducted  in 
pure  Argon  at  30  Torr.  As  an  illustration,  the  PAD 
signal  downstream  of  the  first  electrode  in  the 
absence  of  a  glow  discharge  in  Ar  at  30  Torr,  is 
shown  in  Fig.  6,  and  is  identical  with  the  PAD  signals 
obtained  in  the  strai^t  tube  geometry.  In  this 
section,  we  report  on  preliminary  temperature 
measurements  in  a  CO/Ar  gas  mixture  at  a  total 
pressure  of  30  Torr  and  conqnising  3.3%  CO.  The 
addition  of  CO  serves  two  purposes.  First,  it  enables 
a  relatively  quick  means  of  obtaining  an  ^proximate 
gas  rotational  tenmerature  since  addition  of  CO  to  a 
discharge  is  well  known  to  produce  electronically 
excited  Q  which  radiate  as  the  Swan  bands  (d^IIg  -> 
a^Ilu,  Av  =  0  Sequence).  Second,  it  benchmaiks 
shock  propagation  behavior  in  the  optically  pungied 
discharge  discussed  in  Section  m,  which  is  operated 
with  the  identical  gas  mixture.  ^ 

Figure  7  itiiows  the  PAD  signal  at  the  same 
location  betwem  the  electrodes  as  in  Fig.  6,  but  with 
3.3%  CO/96.7%  At  at  30  Torr  and  in  the  absence  of  a 
glow  discharge.  Note  that  the  PAD  signals  are 
virtually  identical  and  sharp,  despite  the  presence  of 
the  diatomic  CO.  Hgute  8  shows  the  PAD  signal  at 
the  same  location  as  Figs.  6  and  7,  but  with  the  glow 
discharge  on,  operating  at  4.5  kV  and  30  mA  in  3.3% 
CO/96.7%  At  at  30  Torr.  ^ere  is  a  marked 
difference  in  the  structure  of  the  leading  portirm  of 
the  PAD  signal  with  and  without  CO  (for  instance 
compare  Fig.  8  with  any  of  the  PAD  rigt^s  shown  in 
an  Argon  plasma  in  refs.[l,2,4]).  Without  CO,  a 
sharp  rise  in  die  PAD  signal  is  usually  observed  as 
the  i^ock  front  traverses  the  laser  beam.  However,  as 
can  be  seen  in  Fig.  8,  there  is  a  gradual  rise  in  the 
PAD  signal  in  the  presence  of  CO.  This  must  not  be 
taken  to  imply  that  tire  steepness  of  the  shock  fiont  is 
lowered  or  t^  tire  shock  is  weakened,  but  that  the 
deflection  of  die  HeNe  beam  is  altered  by  a  change  in 
the  index  of  refraction  of  the  medium.  Other  than  a 
shallow  shock  front,  a  change  in  the  index  of 
refraction  can  be  caused  by  the  presence  of  electrons 
and  molecular  ions  ahead  of  the  shock  front 
Assodative  ionization  processes  such  as  CO(v)  + 
CO(w)  ->  iCOyz  +  e"  are  known  to  occur  in 
vibrationally  excited  CO  [1 1]  and  the  presence  of  CO 
in  a  discharge  is  known  to  produce  copious  amouids 
of  vibrationally  exdted  CO.  The  vibrationally 
exdted  CO  is  also  partly  re^onsible  for  production 
of  C2  in  an  electric^  discharge.  In  addition  to  the 
dimer  ion  (CO)2^  it  is  quite  likely  that  there  are  other 
clusto^  ions  such  as  CO^*CO*Cb  (n=0,l,...,ll)  and 
CO^  itself  ptesent[13].  That  charged  particles  can 
diffuse  ahead  of  the  shock  front  is  not  new  and  has 
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been  considered  previously  in  iefs.[7,14].  In  fact, 
presence  of  electrons  in  concentrations  of  10^  cm'^ 
has  been  detected  as  far  as  1.5  m  ahead  of 
propagating  shodk  fronts  in  Argon  at  Mach  8  and 
higher[14]. 

Presence  of  CO  in  the  Argon  discharge 
allows  the  gas  tenq)erature  to  be  d^ermined  easily  by 
monitoring  the  Q  Swan  band  emission[lS].  Figure  9 
shows  a  sartqrle  spectrum  of  the  C2  Swan  band 
emisnon  along  with  a  syndietic  spectrum.  Udngthis 
conqparison  with  the  synthetic  spectrum,  the  gas 
temperature  can  be  determined.  Also,  the  intoisities 
of  the  rotational  lines  in  the  measured  ^ctium  can 
be  used  to  form  a  Bohzmaim  plot  as  in  ref.[15]  with 
the  slope  yidding  the  gas  tenq)erature.  Using  diese 
means,  the  axial  variation  of  gas  temperature  in  the 
CO/Ar  glow  discharge  at  30  Totr  has  been 
determined  and  is  shown  in  Fig.  10.  Unfortunately, 
the  uncertainty  in  diis  measurement  is  ±  200  K  due  to 
the  poor  resolution  of  the  experimental  spectrum.  A 
more  acquate  detennination  of  the  temperature  could 
be  made  from  the  overtone  (Av=±2)  emission  from 
CO  (X'Z^,  but  the  pyrex  tube  is  opaque  to  this 
radiation.  Nevertheless,  it  can  be  seen  that  the 
temperature  in  the  positive  column  is  quite  uniform  at 
1000  K. 

The  C2  Swan  band  emission  has  also  been 
used  to  probe  the  magnimde  of  radial  temperature 
gradients  by  using  horizontal  and  vertical  apertures,  5 
cm.  X  O.S  cnL  T^le  I  shows  the  measured 
temperatures  in  the  middle  of  the  glow  discharge,  and 
2  cm.  above  and  below  the  centaiine. 


Table  I:  Radial  variation  of  gas  tenqreratures 
measured  in  the  CO/Ar  glow  discharge 
_ _ using  the  Swan  band  emission  from  Cz 


Radial  location  of  center 
of  sperture,  r  (cm.) 

Gas  temperature,  T  (K) 

-2 

909K±200K 

0 

1009K±200K 

+2 

1030  K±  200  K 

The  radial  variation  exhibited  in  Table  I  is 
not  synunetric  as  would  be  expected  in  a  cylindrical 
disdiarge,  and  appears  to  be  non-^arabolic.  This 
dqrarture  from  symmetry  about  the  centerline  may  be 
due  to  the  effect  of  fipee  convection  as  suggested  by 
the  tenqrerature  at  r  -  +2  cm  being  greater  than  the 
tenqrerature  at  r  =  -2  cm  The  magnitude  of  the 
tenqreratures  at  r  -  +2  cm  and  r  =  -2  cm.  a^ear  to 
be  higher  than  anticipated  and  may  be  artifidally 
high  due  to  contributions  from  the  emitting  gas  iiear 
the  center  of  the  tube.  The  outer  wrdl  of  the  tube  is 


definitely  hot  to  the  toudi,  indicative  of  temperatures 
in  excess  of  about  330  K.  A  point-wise  measurqnent 
is  needed  for  a  more  accurate  detennination  of  gas 
temperature. 


IIL  Experiments  in  an  Optically  Pumped 

CO/ArPlasma 

The  CO/Ar  mixture  used  in  the  ^ow 
discharge  (fiscussed  in  die  previous  section  can  also 
be  exdted  using  a  CO  l^er.  Details  of  optical 
punqimg  using  a  CO  laser  are  described  elsewhere, 
and  will  only  be  briefly  summarized  here[9-12,lS- 
17].  The  lasing  diaracteristics  of  the  CO  laser  ate 
described  in  ref.[i7].  The  laser  lines  are  absorbed  by 
low-lying  vibrationd  levels  (v=l  to  v=9)  of  the  CO 
molecules  in  die  CO/Ar  gas  mixture,  ^ipioximately 
7  Watts  of  die  CO  laser  power  is  absorbed  by 
resonant  an^e-photon  absorption,  and  the  absorbed 
energy  is  re-distributed  within  the  CO  molecules  so 
as  to  peculate  hi^er  vibrational  states.  This  process 
of  anhamonic  V-V  (vibration-to-vibration)  punqiing 
is  wdl  known[9-12,lS-17],  and  results  in  susbtantial 
dis-equilibrium  between  the  vibrational  modes  and 
translational  modes  of  the  CO.  As  a  result  of  V-V 
exchange  collisions,  states  as  hi^  as  y  »  40  are 
populated  and  the  resulting  distribution  of  the 
population  of  vibrationally  exdted  molecules  is 
highly  non-Boltzmaim[17].  In  addition,  chemical 
reactions  and  energy  transfer  to  low-lying  electronic 
states  occur.  A  key  chemical  reaction  (CO(v)  -i- 
CO(w)  ->  C  +  CO2)  results  in  the  formation  of  C2 
just  as  in  the  glow  discharge  described  in  Section  nb. 
Another  inqiortant  reaction  results  in  the  production 
of  elections  by  an  associative  ionization  process 
involving  vibrationally  excited  CO[ll]: 


CO(v)  +  CO(w)-)-j 


(CO)^  +e- 


[CO^+CO  +  e~ 


provided  E(v)+E(w)  ^  Sj,  where  Si  is  the  ionization 
potential  of  CO.  Formation  of  die  dimer  ion  is 
favored  because  its  ionization  potential  is  about  1  eV 
lower  than  that  for  ionization  of  CO.  Inevitably, 
some  of  the  absorbed  CO  laser  energy  is  transfen^ 
to  the  external  modes  by  V-R  (vibration-to-iotation) 
and  V-T  (vibration-to-tianslation)  quenching 
collisions,  and  results  in  heating  of  the  gas.  The 
amount  of  heating  and  the  level  of  ionization  in  the 
optically  pumped  CO/Ar  gas  mbeture  is  influmiced  by 
gas  flow,  amount  of  absorbed  laser  energy,  and  die 
gas  conqxidtion.  It  is  inqiortant  to  point  out  that  by 
adding  an  additional  <^ent  such  as  He,  die 
vibrational  excitation  of  CO  can  be  moderated.  Thus, 
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the  {mount  of  heating  as  well  as  the  ionization  level 
in  this  optically 'punq)ed  plasma  can  be  controlled.  In 
addition,  this  type  of  discharge  is  devoid  of 
electrodes.  The  optically  punq)ed  discharge  is 
therefore  ideal  for  isolating  thermal  effects  fiom  any 
plasma  effects.  In  this  section,  we  present  flie 
preliminary  results  on  the  propagation  of  spark¬ 
generated  shodr  waves  through  optically,  pumped 
disdiarges  in  CO/Ar  mixtures. 

The  same  gas  mixture  (3.3%  CO/96.7%  Ar) 
as  in  Section  lib,  at  a  pressure  of  30  Torr  is  used  as 
thetargrtgas.  The  CO  lasa- described  in  ref.  [16], 
lasing  at  11 W,  is  focused  into  the  tube  containing  the 
CO/Ar  gas  mixture,  .^^roximately  7  W  of  the 
inddent  laser  power  is  absorbed.  A  faint,  but  visible 
blue  glow  approximately  17  cm.  long  and  7  mm  in 
diameter,  is  observed.  A  ^>ark-generated  shock  is 
then  launched  into  the  optically  pung>ed  discharge 
and  observed  using  the  PAD  technique.  As  die  shock 
wave  passes  through  this  t^tically  punq>ed  discharge, 
the  length  of  die  viable  blue  j^ow  diminishes  and 
slowly  recovers  its  original  length  of  17  cm.  Figure 
11  shows  representative  PAD  signals  for  a  weak 
shock  wave  (M  »  1.24)  before  it  enters  the  optically 
punqied  discharge,  inside  the  optically  punqied 
plasma,  and  immediately  downstream  of  the  visible 
glow,  reflectively.  The  PAD  signal  within  the 
optically  pumped  plasma  bears  a  close  resemblance 
to  that  observed  in  the  CO/Ar  glow  discharge  (Fig. 
8).  Note  that  there  is  a  gradual  rise  in  the  PAD  signal 
for  both  the  CO/Ar  optically  pumped  disdiarge  as 
well  as  the  CO/Ar  glow  disdiarge  (Fig.  8). 

The  PAD  technique  has  been  used  to 
measure  the  axial  variation  of  the  shock  speed 
through  the  optically  pumped  discharge.  Figure  12 
shows  this  variation,  and  die  trend  is  similar  to  that 
observed  for  shocks  propagating  through  Ar  glow 
disdiarges[2].  The  quantitative  differences  in  the 
shock  speed  profiles  in  the  Ar  g^ow  discharge  and 
CO/Ar  optically  punqied  plasma  are  due  to  the 
presence  of  CO.  The  presence  of  CO  in  the  Ar  is 
expeded  to  lower  the  electron  and  gas  temperatures, 
and  the  results  here  are  consistent  with  this 
eiqiectation.  The  local  maximum  in  the  shock  speed 
observed  in  ref.[2]  for  the  glow  disdiarge  in  Ar  is 
also  evident  here  for  the  CO/Ar  optically  pumped 
discharge. 

As  discussed  eariier,  vibrationally  excited 
CO  reacts  to  form  atomic  carbon,  which  subsequendy 
recombines  to  form  C2.  The  visible  Swan  hand 
emission  fiom  C2  transmitted  through  the  pyrex  tube 
can  be  used  to  infer  an  ^iproximate  tenqierature,  and 
is  shown  in  Fig.  13  within  the  opdi^Iy  pumped 
CO/Ar  discharge.  Again,  temperatures  on  die  order 


of  1000  K  are  inferred,  and  these  values  are 
susceptible  to  rather  high  uncotainties  as  before,  due 
to  the  low-resolution  of  the  C2  Swan  emission  ^ectra 
obtained.  Nevotheless,  the  maximum  temperature  of 
1000  K  obtained  for  die  present  CO/Ar  optically 
pumped  disdiarge  is  not  unreasonable,  and  is  only 
slightly  higher  than  tenperatures  obtained  from  more 
accurate  emission  measurements  for  CO/Ar  mbdures 
atlOOToir(12].  ' 

In  summary,  the  optically  pumped  discharge 
is  a  plasma  with  zero  net  current  flow.  It  cnniaing 
electrons  and  molecular  ions,  as  well  as  axial  and 
radial  temperature  gradients  simiiar  to  those  found  in 
glow  discharges.  In  the  optically  pumped  discharge; 
the  production  of  charge  carriers  by  associative 
ionization  is  balanced  by  losses  due  to  diffiisinn  to 
the  walls  and  recombinatioiL  However,  unlike  the 
^ow  discharge,  the  gas  temperature  and  dectron 
dmcentration  can  be  better  controlled  and  varied  by 
adjusting  the  gas  flow  rate  and  gas  conposition 
(CO/Ar/He)[ll]. 

IV.  Summary  &  Condusion 

The  local  minimum  in  shock  speed  upon 
entering  the  Ar  glow  discharge  of  re£[2]  has  been 
closeiy  examined  and  found  to  occur  at  ali  current 
leveis,.and  regardless  of  polarity.  In  addition^  shock 
propagation  through  a  CO/Ar  glow  discharge  plasma 
and  optically  punped  plasma  have  been  examinfid  in 
this  paper.  PAD  Signal  characteristics  for  the  CO/Ar 
glow  discharge  and  optically  punped  disdiarge 
ippear  to  be  similar,  and  pproxiniate  tenperature 
measurements  based  on  Swan  band  emission  firom  C2 
indicate  temperatures  in  the  neighborhood  of  1000  K 
±  200  K.  However,  more  accurate  point-wise 
measurements  need  to  be  made  to  obtain  tenperature 
distributions  as  in  ief.[3]. 

The  experimentally  observed  trends 
regarding  the  anal  dpendence  of  diock  peed  can  be 
explained  on  the  basis  of  radial  thermal  gradients  and 
wall  shear[2,8].  If  any  electrostatic  effects  exist,  they 
are  clearly  madeed  by  the  dominant  thennal 
gradients. 

The  opticaliy  punped  plasma  has  been 
^own  to  be  a  good  system  for  studying  the 
propagation  of  shock  waves  through  plasmas  and 
epedaliy  for  isolating  effects  of  thermal  gradients. 
Efforts  are  underway  to  make  point-wise 
measurements  of  temperature  in  the  optically  punped 
discharge,  and  to  laundi  shocks  into  a  Thomson 
discharge[ll].  The  Thomson  discharge  is  an 
optically  punped  discharge  with  dectrodes  around 
the  laser-irradiated  region  to  draw  out  the  decirons 
produced  by  ^sodative  ionization[ll].  This  will 


enable  study  of  shock  propagation  in  the  presence  of 
current  flow  where  electron  concentrations  and 
thermal  gradients  can  be  controlled  by  varying  the 
gas  corr^ntion  (CO/Ar/He).  Finally,  efforts  are 
underway  to  examine  the  existence  of  electrostatic 
effects  by  introducing  a  sub-breakdown  axial  electric 
field  downstream  of  the  optically  pumped  discharge 
in  various  mixtures  of  CO/Ar/He.  , 
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Fig.  lat  Calculated  profiles  of  mass  density  along  r  =  0  non-dimensionalized  by  the  imdisturbed  gas  density,  po  =  0.0641  kg/m*, 
are  ^own  here  versus  axial  cooixtinate  x,  at  several  instants  of  time  (100  ps,  ISO  fis,  300  ps,  and  400  ps,  re^mctively) 
after  en^y  aMtion  leads  to  formation  of  propagating  shocks  (from  ief.[8]).  The  results  fiom  compressible  Navier- 
Stokes  ^ulations  described  in  ref.[8)  shown  here  are  for  the  case  of  diock  propagation  in  Argon  inititdly  at  30  Toir 
and  300  K  TTus  case  considers  the  realistic  bounded  viscous  flow  induced  by  a  traveling  shock  wave  in  a  5  cm. 
diameter  tube,  where  the  rightward  traveling  wave  encounters  a  heated  region  with  an  initial  radial  parabolic 
distribution  of  temperature  (from  1000  K  at  flie  centeriinc  to  300  K  at  the  wall).  This  case  conaders  the  effects  of  both 
axial  and  radial  thermal  gradients  as  well  as  wall  tiiear. 


Fig.  lb:  Simulated  PAD  signal  obtained  by  integrating  the  axial  derivative  of  density  (corresponding  to  Fig.  la)  in 
the  transverse,  i.e.  radial,  direction  (from  ref.  [8]). 
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Fig.  3: 


Radial  profiles  of  the  axial  coiiq>onent  of  flow  velocity  induced  by  passage  of  the  shock  ralrnlaf<»H  by 
the  Navier-Stokes  simulations  in  ref.[8],  are  shown  hare  for  the  leftward  moving  wave,  150  ps  afto' 
initiation  of  the  shock  wave,  at  three  different  axial  locations  behind  the  ^ock  fiont.  The  location  x  = 
13.6  cm  refers  to  a  location  just  behind  the  shock  fiont,  while  x  =  14  chl  and  x  =  16  cm.  refer  to 
locations  further  behind  the  ^ock  front.  The  Mach  number  of  this  shock  is  »  1.2,  propagating  into  Ar 
at30Torr. 
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Measured  average  ^ock  propagation  speeds  versus  distance  inside  the  glow  discharge  plasma  just 
downstream  of  the  electrode  nearest  the  ^aik  gap,  for  various  discharge  currents.  The  electrode 
nearest  the  q>aik  g^,  is  the  cathode  (L-)  and  the  farthest  electrode  is  the  anode  (S+). 
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Fig.  4: 
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(L-'-)  Velocity  dip  detail  study 
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Measuied  average  shock  propagation  speeds  versus  distance  inside  the  glow  discharge  plasma  just 
downstream  of  the  electrode  nearest  the  qtaik  gap,  for  various  discharge  currents.  The  electrode 
nearest  the  spark  gap,  is  die  anode  and  the  &rfhest  electrode  is  the  cadiode  (S>). 
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Fig.  5;  Schematic  of  shock  tube  with  T-tube  shock  generating  sparic  section,  also  showing  optical  access  for 
CO  laser  beam,  and  optically  pumped  discharge  in  a  CO/Ar  gas  mixture. 
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PAD  signal  at  a  location  between  the  electrodes  for  a  itiiock  propagating  in  pure  Argon  in  the  T-tube  at 
30  Torr,  in  the  absence  of  a  glow  discharge. 

9 


Fig.  7:  PAD  signal  at  a  location  between  the  electrodes  for  a  shock  propagating  in  3.3  %  CO/96.7  %  Argon 

gas  mixture  at  30  Torr  in  the  T-tube,  in  the  absence  of  a  glow  discharge. 


Fig.  8:  Typical  PAD  signal  at  a  location  between  electrodes  for  a  shock  propagating  in  3.3  %  CO/96.7  % 

Argon  gas  mixture  at  30  Torr  in  the  T-tube,  with  the  glow  discharge  oa 


Intensity  (arb.  units) 


Fig.  9:  Sanq>le  spectrum  of  the  €2  Swan  band  emission,  as  compared  with  a  synthetic  spectrum  for  the  Av=0 

emisnon,  for  a  3.3%  CO/96.7%  Ar  gas  mixture  at  30  Torr  in  the  optically  pumped  discharge.  Using 
the  intensities  in  the  measured  ^rectnim,  a  Boltzmaim  plot  can  also  be  drawn  as  in  rBf.[lS].  Since  die 
measured  ^ectium  is  not  as  well  resolved,  both  techniques  (i.e.  comparison  with  a  synthetic  spectrum 
and  Bohrmann  plot)  yidd  an  uncertainty  of  ±  200  K. 
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Fig,  10:  Axial  variation  of  temperature  between  the  electrodes  for  a  ^odr  propagating  in  3.3  %  CO/96.7  % 

Argon  gas  mixture  at  30  Toir  in  a  T-tube,  with  the  ^ow  discharge  on. 


Fig.  11:  Typical  PAD  signals  in  the  T-tube  for  a  shock  propagating  in  3.3  %  CO/96.7  %  Argon  gas  mixture  at 

30  Torr,  before  blue  glow,  inside  blue  glow,  and  downstream  of  blue  glow,  with  an  optically  punqted 
discharge  on. 

Velocity  distribution  in  plasma 

440  1 

# 

435 

430  ♦ 

t  ^25 

I  420 
415 

♦ 

410  *  - 

405  , - ^ ^ - - - - 

^0  >20  0  20  40  60  80  100  120 

Distance  along  sabre  (mm) 

Fig.  12:  Axial  variation  of  shock  speed  in  T-tube  for  a  shock  propagating  in  3.3  %  CO/96.7  %  Argon  gas 

mixture  at  30,  with  an  optit^y  punqted  discharge  on. 
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Fig.  13:  Axial  variation  of  temperature  within  the  optically  pumped  discharge  in  the  T-tube  for  a  shock 

propagating  in  3.3  %  CO/96.7  %  Argon  gas  mixture  at  30  Torr,  with  the  opticsUv  punq>ed  disdiarge 
on. 


12 


Journal  of  Thermophysics  and  Heat  Transfer 
Vol.  15,  No.  4,  October-December  2001 


Shock  Propagation  Through  a  Low-Pressure 
Glow  Discharge  in  Argon 

A.  R.  White*  and  V.  V.  Subramaniam^ 

The  Ohio  State  University,  Columbus,  Ohio  43210 


ExDerimental  measurements  recording  spark-generated  shock  propagation  characteristic  within  ^gon 

Ew—ssssssssas 

several  axia  p  ^  „„alitative  acreement  with  predictions  from  numerical  simulations  that 

propagation. 


Nomenclature 

Vs  =  shock  propagation  velocity 

X  =  axial  distance  along  the  shock  tube 

£  =  energy  loaded  into  the  shock  tube  gas  by 

the  spark  discharge 
JL6  =  gas  viscosity 

p  =  gas  density 


An  important  focus  of  this  paper  is  examination  of  flie  recovery  of 
the  photoacoustic  signal  downstream  of  the  glow  discharge,  as  a 

function  of  distance  along  the  tube. 

This  paper  is  organized  as  follows.  The  experimental  appara¬ 
tus  and  procedure  are  briefly  described  in  the  following  section. 
Section  III  describes  the  experimental  measurements  and  plausiWe 
explanations  for  these  results.  A  summary  is  provided  in  Sec.  IV, 
along  with  the  conclusions  of  this  work. 


I.  Introduction 

The  structure  and  propagation  of  shock  waves  in  gases  has  been 
a  topic  of  much  interest  in  this  century,  motivated  pnmanly  by 
aerospace  applications.  It  has  been  the  subject  of  several  authonta- 
tive  books.^'^  Shock  propagation  in  plasmas  has  also  been  studied 
with  specific  regard  to  reentry  flows,  interaction  of  the  solar  wind 
with  the  terrestrial  magnetosphere,  and  magnetohydrodynaimc  ap¬ 
plications.  This  research  has  also  culminated  in  several  authontative 
texts  Despite  this  abundance  of  information  on  shock  wave  prop¬ 

agation  in  ionized  and  nonionized  gases,  experiments  conducted  m 
Russia^^-^^  and  in  the  United  States^*^"^^  have  prompted  further  in¬ 
quiry  on  this  problem.^®"^^  Experiments  reported  in  Refs  17-19 
show  apparent  modification  of  shock  structure  within  a  glow  dis¬ 
charge  and  report  lengths  on  the  order  of  the  shock  tube  ^ameter, 
to  recover  the  original  shock  structure  downstream  of  the  disch^ge. 
Analysis  of  this  problem  by  numerical  solution  of  the  inviscid  Euler 
equations^®“^^  has  shown  that  radial  temperature  gradients  created 
by  the  glow  discharge  could  explain  the  experimental  observations 

reported  in  Refs.  10-19.  ^  r  i,  i 

In  this  paper,  experimental  results  for  the  propagation  of  shock 
waves  through  weakly  ionized  argon  are  presented.  The  shockwaves 
are  generated  using  a  capacitively  discharged  spark  and  su^e- 
quently  launched  into  a  low-pressure  glow  discharge  m  argon.  I  he 
expenmental  apparatus  is  similar  to  that  used  in  Refs.  17-19  and  is 
described  therein.  In  addition,  measurements  of  the  average  shock 
velocity  and  shock  structure  are  provided  at  several  axial  locations 
along  the  length  of  the  tube,  and  at  several  radial  locations  for  given 
axial  positions.  Shock  structure  is  inferred  by  photoacoustic  d^ec- 
tion  (PAD)  measurements.”-'’  Measurements  recording  the  effects 
of  reversing  the  direction  of  the  electric  field  on  shock  propagation 
velocity  and  photoacoustic  signal  characteristics  are  also  discussed. 
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n.  Experimental  Apparatus  and  Procedure 

The  experimental  apparatus  consists  of  a  5-cm-(^am  riosed 
Pyrex®  tube  comprising  a  central  glow  discharge  section.  A  Kolb 
tube^  at  one  end  houses  the  spark  gap  used  to  generate  a  shtKk 
wave  The  spark  gap  consists  of  a  pair  of  tungsten  electrodes  with  a 
gap  distance  of  1  cm.  The  electrodes  are  cylindrical  rods  0.3 175  cm 
(1  in.)  in  diameter.  The  gas  used  in  the  measurements  reported  here 
is  argon  and  is  maintained  at  a  pressure  of  30  torr.  Typically,  a  voltage 
of  10  kV  is  impressed  across  the  spark  gap,  discharging  approxi¬ 
mately  25  J  of  energy  over  an  approximate  time  interval  of  1  fis. 
However  only  a  fraction  of  this  energy  from  the  capacitive  discharge 
is  loaded  into  the  gas.  A  shock  wave  is  subsequently  formed  as  a 
result  of  the  rapid  energy  addition  and  propagates  through  the  mbe. 

In  the  experiments  involving  a  plasma,  a  glow  discharge  in  30  torr 
of  argon  is  struck  between  the  two  electrodes  located  down^am 
of  the  spark  gap.  The  electrodes  in  the  glow  discharge  section  Me 
cylindrical,  2.5  cm  in  (hameter,  hollow,  and  concentric  wiUun  the 
Pyrex  shock  tube,  as  can  be  seen  in  the  schematic  shown  in  Fig.  . 
The  argon  gas  is  introduced  via  a  rotameter  and  flows  at  100  seem 
(standard  cubic  centimeters  per  minute)  in  the  direction  counter  to 
that  of  shock  propagation  as  in  Refs.  17-19.  In  Refs.  17-19,  how¬ 
ever,  the  flow  was  carefully  controlled  and  introduced  at  a  rate  of 
50  seem  using  a  mass  flow  controller.  In  an  effort  to  reproduce  one 
of  the  shock  tube  configurations  of  Refs.  17-19,  Ae  upstream  elec¬ 
trode  (i.e.,  nearest  the  spark  gap)  is  longer,  5  cm  in  length,  whereas 
the  downstream  electrode  (i.e.,  farthest  away  from  the  spark  gap)  is 
shorter,  1.5  cm  in  length.  The  distance  between  the  electrodes  (edge 
to  edge)  in  the  glow  discharge  is  22.25  cm  in  the  present  work,  and 
the  corresponding  distances  in  Refs.  17-19  were  19  and  20  cm.  A 
visibly  uniform  glow  discharge  can  he  maintained  in  argon  at  30  ton- 
using  this  configuration,  until  the  discharge  current  exceeds  about 
60  mA,  after  which  point  the  discharge  becomes  filamentary.  In  the 
experiments  reported  here,  the  current  in  the  glow  dischmge  is  vm- 
ied  from  0  to  50  mA,  and  the  voltage  is  varied  from  1.8  kV  (tor  lu 
mA)  to  4.8  kV  (for  50  mA).  The  discharge  is  operated  for  15  mm 
before  shock  waves  are  launched  into  the  plasma,  to  ensure 
thermal  gradients  that  exist  would  have  attained  steady  state  This  is 
especially  important  because  the  shock  structure  has  been  observed 
to  be  unchanged  when  the  shock  passes  through  immediately  after 
the  glow  discharge  is  initiated.^-^* 
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can  be  calculated.  The  two  split  beams  are  separated  by  6.9  cm  due 
to  physical  limitations  in  the  apparatus,  which  is  coarser  than  the 
2.59  cm  separatiori  used  to  measure  the  shock  velocity  in  Refs.  17- 
19.  The  average  shock  velocity  at  a  given  point  is,  thus,  measured  by 
the  time  of  flight  between  the  split  beams,  3.45  cm  on  either  side  of 
a  point,  in  the  present  experiments.  Variation  of  the  average  shock 
speed  along  the  tube  is  determined  by  mounting  the  laser/detector 
assembly  on  an  optical  rail,  which  is  then  attached  on  a  translation 
stage  that  traverses  parallel  to  the  shock  tube.  All  measurements  of 
the  shock  propagation  speed  within  the  glow  discharge  using  the 
split  beam  were  made  with  both  beams  within  the  glow  region. 

In  this  paper,  several  experimental  measurements  are  reported. 
Measurements  of  average  shock  speed  are  obtained  at  several  axial 
locations.  These  are  the  regions  before,  within,  and  downstream 
of  the  glow  discharge.  These  average  velocity  measurements  are 
obtained  for  two  discharge  polarities,  one  where  the  applied  electric 
field  is  in  the  same  direction  as  shock  propagation  and  the  other  in 
which  the  electric  field  is  in  the  direction  counter  to  that  of  shock 
propagation.  Measurements  of  the  average  shock  speed  are  also 
made  for  several  values  of  the  total  current  within  the  diffuse  glow 
discharge:  0, 10,  30,  and  50  mA.  PAD  signals  are  also  obtained  for 
these  current  levels  and  for  both  orientations  of  the  applied  electric 
field.  In  addition,  shot-averaged  shock  arrival  times  are  recorded 
for  various  radial  locations  at  three  axial  positions  to  determine 
the  shape  of  the  shock  front.  These  measurements  are  presented 
in  the  following  section,  along  with  an  accompanying  discussion 
of  the  results. 

111.  Experimental  Results  and  Discussion 

Shock  propagation  velocities  along  with  the  associated  PAD  sig¬ 
nal  characteristics  are  presented  first.  These  results  are  obtained 
in  the  regions  upstream  of  the  glow  discharge,  within  the  glow  dis¬ 
charge,  and  downstream  of  the  glow  discharge.  The  axial  variation  of 
the  shock  propagation  speed  is  compared  with  theoretically  expected 
trends  for  the  viscous  and  inviscid  cases.  Recovery  of  the  PAD  signal 
after  the  shock  exits  the  glow  discharge  is  monitored.  Finally,  shot- 
averaged  shock  absolute  arrival  times  are  recorded  radially  for  three 
axial  locations  upstream  of  and  inside  the  glow  discharge.  These 
absolute  arrival  time  measurements  provide  information  regarding 
the  shape  of  the  shock  front,  to  within  shot-to-shot  variation,  and 
are  compared  with  the  numerical  calculations  presented  in  Ref.  27. 
These  are  compared  with  the  PAD  signal  characteristics  to  infer  the 
shape  of  the  shock  front. 

Figure  2  shows  a  plot  of  the  average  shock  propagation  velocity 
as  a  function  of  position  for  the  case  where  the  longer  (5-cm-long) 
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Fig.  2  Average  shock  propagation  speeds  measured  vs  distance  along  shock  tube  for  various  values  of  glow  discharge  current  in  L—  glow  discharge 
configuration. 


A  Uniphase  1 125  He-Ne  laser  (10  mW)  is  directed  perpendicular 
to  the  axis  of  the  shock  tube,  partially  illuminating  a  Thor  Labora¬ 
tories  PDA  155  high-speed  amplified  silicon  detector  on  the  other 
side  of  the  tube,  as  shown  in  Fig.  1.  The  instant  of  spark  initiation  is 
relayed  to  the  oscilloscope  via  a  synchronization  signal  provided  by 
the  spark  gap  trigger.  The  oscilloscope  is  programmed  with  an  ap¬ 
propriate  delay  after  spark  initiation  to  enable  capture  of  the  passing 
shock  as  it  traverses  the  downstream  location  of  the  PAD  detection 
system.  The  output  of  the  detector  is  a  voltage  proportional  to  the 
intensity  of  the  beam  illuminating  it.  As  the  shock  wave  traverses 
across  the  laser  beam,  the  gradient  in  density  across  the  shock  front 
gives  rise  to  a  variation  in  the  index  of  refraction,  causing  the  He-Ne 
beam  to  deflect.  The  resulting  time- varying  voltage  is  then  recorded 
on  a  Tektronix  digital  oscilloscope  (40  MHz).  In  the  experiments  re¬ 
ported  here,  a  sampling  rate  of  5  MHz  is  used.  The  deflection  of  the 
beam  is  proportional  to  the  axial  density  gradient  integrated  radially 
across  the  tube  and  results  in  a  time- varying  intensity  recorded  by 
the  detector  and  which  is  output  as  a  time- varying  voltage.  There¬ 
fore,  a  shock  front  would  give  rise  to  a  PAD  signal  that  appears  as 
a  sharp  spike  resembling  a  delta  function.  The  same  photoacoustic 
signal  is  used  to  measure  the  average  velocity  of  the  shock  front. 
This  is  done  by  measuring  the  time  of  flight  between  two  axial  lo¬ 
cations,  6.9  cm  ap^.  In  this  instance,  the  He-Ne  beam  is  passed 
through  a  beam  splitter,  one  beam  posing  through  the  tube  and  il¬ 
luminating  a  detector  on  the  other  side.  The  other  beam  is  reflected 
off  a  mirror  and  then  passed  through  the  tube  onto  a  second  de¬ 
tector.  Using  the  signal  from  the  first  detector  as  the  trigger  and 
prescribing  a  time  delay  then  allows  the  shock  wave  arrival  time 
to  be  determined  at  the  second  axial  location.  The  travel  time  of 
the  shock  wave  between  the  two  locations  is  recorded,  and  because 
the  distance  between  these  locations  is  known,  an  average  velocity 
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Fig.  1  Schematic  of  experimental  apparatus. 
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Fig.  3  Average  shock  propagation  speeds  measured  vs  distance  along  shock  tube  for  various  values  of  glow  discharge  current  in  L+  glow  discharge 
configuration. 


electrode  located  nearest  to  the  spark  gap  is  the  cathode  (denoted 
hereafter  as  L— )  for  different  values  of  the  total  discharge  current. 
In  this  case,  the  electric  field  is  in  the  direction  counter  to  that  of 
shock  propagation.  Figure  3  shows  the  shock  propagation  speed  vs 
axial  position  for  the  case  where  the  longer  electrode  located  nearest 
to  the  spark  gap  is  the  anode  (denoted  hereafter  as  L+)  for  different 
values  of  the  total  discharge  current.  Note  from  both  Figs.  2  and  3 
that,  in  the  absence  of  the  glow  discharge,  the  shock  propagation 
velocity  decreases  monotonically  along  the  length  of  the  shock  tube. 
This  is  expected  behavior  and  can  be  deduced  from  the  following 
dimensional  analysis.^  The  shock  propagation  speed  in  the  inviscid 
case  can  be  found  by  selecting  the  energy  loaded  into  the  gas  by  the 
spark  discharge  s  at  the  location  x  =  0,  distance  along  the  tube  x, 
shock  propagation  velocity  I4,  and  density  p  as  variables.  If  e,  x,  and 
p  are  chosen  as  independent  quantities,  then  the  shock  propagation 
speed  can  be  expressed  as 

V’,~v'£/px3  (1) 

Thus,  in  the  case  of  inviscid  expansion,  the  shock  speed  decreases 
monotonically  as  For  the  viscous  case,  the  set  of  variables 
includes  6,  x,  and  Vs  and  is  augmented  by  /r,  the  dynamic  viscosity. 
If  X,  and  are  chosen  as  the  independent  parameters,  the  shock 
speed  is  found  to  decrease  as  x”^: 

Vs  ~  e/fix^  (2) 

The  data  in  Figs.  2  and  3  in  the  absence  of  a  glow  discharge  reveal  a 
monotonic  decrease  in  the  shock  propagation  speed  vs  length  along 
the  tube.  However,  this  decrease  can  be  due  to  either  the  expansion 
itself  or  viscous  effects.  The  experimental  resolution  is  insufficient 
to  distinguish  between  the  variation  of  Eq.  (1)  and  the  x“^ 
variation  of  Eq.  (2).  Hence,  the  effect  of  viscosity  on  shock  prop¬ 
agation  speed  cannot  be  isolated  from  effects  due  to  the  expansion 
alone.  This  is  important  to  bear  in  mind  because  viscous  effects  are 
expected  to  influence  the  PAD  signal  characteristics  of  weak  shocks 
quite  dramatically.^*^’^®  In  contrast,  for  shocks  of  moderate  strength 
considered  here,  the  PAD  signal  characteristics  in  the  absence  of  a 
discharge  remain  sharp  and  narrow  all  through  the  length  of  the  tube. 

Figures  2  and  3  also  show  shock  propagation  speeds  vs  length 
along  the  tube  for  various  glow  discharge  currents,  for  the  two  ori¬ 
entations  L—  and  L-h.  In  all  cases,  as  mentioned  in  Sec.  II,  it  was 
ensured  that  the  rightmost  of  the  two  beams  used  to  measure  shock 


speed  was  within  the  glow  discharge  region.  When  the  glow  dis¬ 
charge  is  on,  the  shock  speed  exhibits  a  noticeable  local  maximum 
within  the  glow  discharge  section.  Because  the  temperature  within 
the  glow  discharge  is  uniform  axially  (see  discussion  later  in  this 
section),  the  shock  speed  should  remain  constant  in  the  absence  of 
viscous  effects.  However,  the  shock  speeds  in  Figs.  2  and  3  exhibit 
a  pronounced  maximum  in  the  middle  of  the  glow  region  and,  thus, 
cannot  be  explained  by  thermal  effects  alone.  The  maximum  in  the 
shock  velocity,  rather  than  a  monotonic  variation  of  the  velocity  in 
the  glow  discharge  region,  is  due  to  the  opposing  influences  of  heat¬ 
ing  and  wall  shear.  Ohmic  heating  within  the  discharge  raises  the 
gas  temperature  and,  therefore,  increases  the  shock  velocity.  On  the 
other  hand,  wall  shear  becomes  significant  as  the  shock  speed  in¬ 
creases  and  ultimately  serves  to  reduce  the  shock  propagation  speed. 
The  effects  of  heating  are  evident  in  the  observed  increase  in  shock 
velocity  as  the  current  is  raised.  There  is,  however,  a  repeatable  and 
noticeable  local  minimum  in  the  shock  velocity  for  the  L—  case, 
near  the  cathode,  for  currents  of  30  and  50  mA.  More  detailed  ex¬ 
perimental  investigation  suggests  that  the  velocity  dip  is  caused  by 
the  presence  of  the  upstream  electrode  in  the  path  of  the  shock  wave. 

On  exiting  the  glow  discharge  section,  the  velocity  of  the  shock 
can  be  seen  to  assume  the  same  value  as  in  the  absence  of  the  glow 
discharge,  almost  immediately.  Figures  4  and  5  show  PAD  signals 
at  several  axial  locations  downstream  of  the  glow  discharge,  for  a 
representative  discharge  current  of  10  mA  and  for  the  two  orienta¬ 
tions  of  electric  field  considered  in  this  work.  The  same  behavior 
is  found  for  the  higher  currents  (30  and  50  mA)  as  well.  Evident 
in  Figs.  4  and  5  is  the  recovery  of  the  PAD  signal  to  its  delta¬ 
functionlike  appearance  on  exiting  the  discharge.  Typically,  the  PAD 
signal  will  increase  in  amplitude  after  the  shock  emerges  from  the 
glow  discharge  region,  reach  a  maximum,  and  decline  in  ampli¬ 
tude  thereafter.  The  recovery  distance  is  defined  here  as  the  distance 
from  the  edge  of  the  electrode  at  the  end  of  the  glow  discharge  to  the 
axial  location  where  the  PAD  signal  recovers  its  delta-functionlike 
appearance.  As  can  be  seen  from  Figs.  4  and  5,  there  is  a  small  but 
apparent  dependence  of  the  PAD  signal  recovery  distance  on  the 
direction  of  the  electric  field.  From  Fig.  4,  when  flie  electric  field  is 
in  the  direction  opposite  to  that  of  shock  propagation,  the  recovery 
distance  can  be  seen  to  be  between  2.8  and  5.3  cm.  In  Fig.  5,  when 
the  electric  field  is  aligned  in  the  direction  of  shock  propagation, 
the  recovery  distance  is  just  beyond  5.3  cm,  but  very  clearly  before 
7.8  cm.  The  recovery  length  is  apparently  longer  when  the  electric 
field  is  in  the  direction  of  propagation  of  the  shock,  regardless  of 


Fig.  5  Amplitude  of  PAD  signal  vs  time,  downstream  of  glow  discharge,  at  various  locations  (indicated  above  PAD  signals  in  centimeters  ±0.5  cm) 
from  trailing  edge  of  cathode  for  L+  configuration  for  discharge  current  of  10  mA. 


the  magnitude  of  the  discharge  current.  In  the  instance  where  the 
electric  field  is  oriented  in  the  direction  of  shock  propagation,  the 
cathode,  which  is  expected  to  be  the  hotter  of  the  two  electrodes,  is 
on  the  downstream  side  of  the  shock  propagation  direction.  Thus, 
the  observed  increase  in  recovery  length  for  this  case  may  have  its 
origin  in  thermal  effects  associated  with  the  electrode  rather  than 
the  properties  of  the  plasma.  Note  that  variations  up  to  0.5  cm  were 
observed  due  to  shot-to-shot  variation  in  the  experiments  reported 
here,  making  a  determination  of  the  exact  recovery  length  impossi¬ 
ble.  The  recovery  distances  of  several  tube  diameters  or  more,  ob¬ 
served  in  the  present  experiments,  are  consistent  with  results  from 
the  numerical  simulations  reported  in  Ref.  27.  To  determine  the 


temperature  of  the  glow  discharge,  CO  was  added  to  the  argon  as 
a  thermometric  element.  Although  addition  of  CO  changes  the  dis¬ 
charge  characteristics,  the  shock  structure  as  determined  by  PAD 
signal  measurements  was  found  to  be  unaffected.  The  mixture  com¬ 
prised  3.3%  CO  and  balance  argon,  but  maintained  the  total  pressure 
at  30  torr  and  the  flow  rate  at  100  seem.  When  CO  is  added  to  a 
discharge,  C2  is  produced  in  an  electronicMly  excited  state.  Wlien 
the  resulting  rotationally  resolved  Swan  band  emission  from  the 
C2  molecules  is  measured,  it  is  possible  to  determine  the  rotational 
temperature  of  the  gas  (see  Ref.  29).  The  translational  temperature 
is  equivalent  to  the  rotational  temperature  because  these  two  modes 
are  in  equilibrium  at  these  pressures.  By  the  use  of  0.5-cm-wide 
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Fig.  6  Radial  profile  of  passing  shock  front  determined  by  measurement  of  absolute  arrival  time  at  axial  locations  upstream  and  within  glow 
discharge;  data  for  each  axial  location  have  been  uniformly  shifted  by  constant  amounts  [(21.7  cm,  0  mA)  is  shifted  by  —4  fis,  (38.5  cm,  30  mA)  is 
shifted  by  +14  ps,  (38,5  cm,  0  mA)  is  shifted  by  +5  fis,  (44  cm,  30  mA)  is  shifted  by  +35  /is,  and  (44  cm,  0  mA)  is  shifted  by  +20  fis  to  display  radial 
profiles  for  different  locations  on  the  same  figure]. 


apertures  to  view  emission  from  a  small  region  of  the  disch^ge, 
an  average  temperature  distribution  was  inferred  from  the  rotation- 
ally  resolved  Swan  band  spectra  of  C2.  This  temperature  represents 
an  average  value  over  the  volume  spanned  by  the  cross  section  of 
the  tube  and  the  0.5-cm  width  of  the  aperture.  Measurements  of  the 
radial  temperature  distribution  at  several  axial  locations  and  of 
the  axial  temperature  variation  along  the  centerline  were  made  for 
the  L  —  configuration.  Only  minute  axial  variation  of  the  temperamre 
(on  the  order  of  10  K)  was  found.  In  the  radial  direction,  tempera¬ 
tures  were  found  to  be  1009  K  -t  200  K  at  the  shock  tube  centerline, 
1030  K  ±  200  K  at  2  cm  above  the  centerline,  and  909  K  di  200  K  at 
2  cm  below  the  centerline.  The  temperatures  determined  using  this 
method  are  within  the  same  range  as  more  detailed  measurements 
undertaken  by  other  groups  The  increase  in  shock  propagation 
speed  within  the  glow  discharge  region  can,  therefore,  be  attributed 
to  the  high  temperatures  associated  with  ohmic  heating  of  the  gas 
by  the  electrical  discharge. 

Thermal  effects  associated  with  the  glow  discharge  plasma  can 
explain  acceleration  of  the  shock  as  well  as  the  splitting,  spreading, 
and  attenuation  of  the  PAD  signal.  The  high  temperature  within  the 
glow  discharge  region  serves  to  increase  the  local  speed  of  sound 
and,  thus,  accelerates  the  shock  wave.  Moreover,  because  the  pres¬ 
sure  is  constant,  the  density  within  the  glow  discharge  region  must 
be  lower  than  that  of  the  neutral  gas  outside  the  glow  discharge. 
Therefore,  the  magnitude  of  the  density  gradient  is  also  smaller 
within  the  glow  discharge  region,  resulting  in  an  attenuated  PAD 
signal.  In  addition,  there  is  a  radial  temperature  gradient  within  the 
glow  discharge  region  because  the  centerline  has  a  high  tempera¬ 
ture  (^1000  K)  whereas  the  walls  of  the  tube  are  relatively  cool 
(<350  K).  This  causes  the  shock  front  to  be  curved  near  the  wall, 
which  in  turn  produces  a  split  and  spread  PAD  signal.  Numerical 
simulations  for  both  inviscid  and  viscous  cases  indicate  that 

the  shock  does  exhibit  curvature  in  the  presence  of  a  radial  thermal 
gradient  and  that  this  curvature  causes  splitting  and  spreading  of  the 
PAD  signal  comparable  to  that  observed  experimentally.  Although 
this  curvature  is  not  pronounced  (the  near- wall  regions  of  the  shock 
front  lag  by  ^5  mm  from  the  centerline  segment  of  the  front,  as  will 
be  discussed  next)  it  is,  nevertheless,  important  enough  to  influence 
the  highly  sensitive  PAD  technique. 

To  quantify  shock  curvature  experimentally,  measurements  were 
made  of  the  absolute  arrival  times  for  several  radial  locations  at  a 
given  axial  position.  Because  only  one  laser  source  and  detector  were 
used  in  the  present  experiments,  the  data  at  different  radial  locations 


correspond  to  different  shots,  although  they  are  for  the  same  parame¬ 
ters  governing  the  spark  discharge  used  for  shock  generation.  These 
results  are  shown  in  Fig.  6  before  the  shock  enters  the  glow  discharge 
and  within  the  glow  discharge  region.  Note  that  although  absolute 
arrival  times  (i.e.,  measured  from  the  instant  the  spark  is  initiated) 
are  used  to  detect  the  shock  front,  the  data  for  each  axial  location 
have  been  uniformly  shifted  by  different  amounts  to  display  all  of 
the  results  in  Fig.  6.  Note  from  Fig.  6  that  to  within  shot-to-shot  vari¬ 
ation,  the  near- wall  portions  of  the  front  differ  in  arrival  time  from 
the  centerline  portion  by  less  than  7.7  /is.  However,  because  the  un¬ 
certainty  due  to  shot-to-shot  variation  is  greater  than  10  /is,  we  may 
conclude  that  there  is  negligible  curvature  of  the  shock  front.  Given 
the  measured  shock  speed  of 625  m/s,  the  lag  in  arrival  time  of  7.7  /is 
corresponds  to  an  axial  distance  of  less  than  5  mm.  Note,  therefore, 
that  the  shock  front  is  largely  planar,  at  least  over  the  measured  re¬ 
gion  spanning  4  cm  of  the  5  cm  diameter.  In  the  numerical  results 
reported  in  Ref.  27,  lag  distances  of  about  9  mm  can  be  inferred 
based  on  the  staggered  density  profiles  for  the  case  of  a  shock  sig¬ 
nificantly  weaker  in  strength  compared  to  the  present  experiments. 
Consequently,  smaller  lag  distances  are  expected  as  the  strength  of 
the  shock  increases.  Note,  therefore,  from  both  the  present  experi¬ 
ments  and  the  numerical  results  of  Ref.  27,  that  most  of  the  shock 
front  is  planar,  with  curvature  confined  to  the  near- wall  regions.  The 
PAD  signal  is  sensitive  even  to  such  small  curvatures  and,  therefore, 
displays  a  split  signal  when  the  curvature  is  increased  in  the  presence 
of  radial  temperature  gradients  or  because  of  wall  shear.^^ 

In  sununaiy,  most  of  the  trends  observed  in  the  experiments  re¬ 
ported  here  can  be  explained  in  terms  of  classical  effects  due  to 
thermal  gradients  and  wall  shear.  A  plasma  produces  ohmic  heating 
of  the  gas  and  generates  radial  thennal  gradients.  Shock  acceleration 
can  be  easily  explained  by  the  higher  temperatures  present  in  the 
glow  discharge.  The  experiments  of  Refs.  25  and  26  offer  conclusive 
evidence  for  this.  The  splitting  and  spreading  of  the  PAD  signal  does 
not  imply  splitting  and  spreading  of  the  shock  front  itself.  Rather, 
this  observation  can  be  explained  by  curvature  of  the  shock  front  in 
the  near- wall  regions  of  the  shock  tube,  which  can  be  induced  either 
by  radial  thermal  gradients^®"^^’^^  or  by  the  presence  of  wall  shear 
alone,^^’^®  Moreover,  the  recovery  of  the  shock  speed  and  the  PAD 
signal  downstream  of  the  plasma  is  consistent  with  results  from  nu¬ 
merical  simulations  of  shocks  traversing  through  regions  of  thermal 
gradients  alone,  that  is,  in  the  absence  of  a  plasma.  Therefore,  no 
plasma  effects  need  to  be  invoked  to  explain  the  shock  propagation 
characteristics  observed  in  these  or  other  experiments. 
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IV.  Conclusions 

Shock  propagation  through  a  glow  discharge  has  been  examined 
using  the  PAD  technique  described  in  Ref.  17.  The  effects  reported 
in  Refs.  17-19  have  been  reproduced  for  argon  at  a  pressure  of 
30  torr.  The  shock  propagation  speed  has  been  measured  vs  dis¬ 
tance  along  the  direction  of  propagation  and  is  influenced  by  gas 
heating  and  wall  shear  effects.  Detailed  measurements  of  the  PAD 
signal  recovery  indicate  a  dependence  on  the  direction  of  the  electric 
field,'  which  in  turn  appears  to  be  caused  by  thermal  effects  stem¬ 
ming  from  the  presence  of  a  hot  electrode  (the  cathode).  Splitting 
and  spreading  of  the  PAD  signal  observed  when  the  shock  passes 
through  the  glow  discharge  can  be  explained  by  the  presence  of  ra¬ 
dial  thermal  gradients  and  wall  shear.  Radial  thermal  gradients  and 
wall  shear  are  capable  of  introducing  curvature  to  the  shock  front,  es¬ 
pecially  in  the  near- wall  regions.  However,  measurements  of  shock 
arrival  time  at  various  radial  positions  within  the  glow  discharge  and 
away  from  the  wall  indicate  no  change  in  shock  structure  or  shock 
planarity  (to  within  shot-to-shot  variation).  Shock  curvature  does 
influence  the  PAD  signal  due  to  the  sensitivity  of  this  measurement 
and  because  the  recorded  PAD  signal  is  line  of  sight  averaged.  This 
explains  why  the  PAD  signal  appears  split  and  spread  as  the  shock 
passes  through  the  glow  discharge,  whereas  shock  arrival  time  mea¬ 
surements  indicate  the  shock  front  to  be,  for  the  most  part,  planar.  In 
conclusion,  the  basic  characteristics  of  shock  propagation  within  a 
glow  discharge  appear  to  be  explainable  in  terms  of  the  classical  ef¬ 
fects  of  thermal  gradients  and  wall  friction,  with  no  recourse  to  any 
plasma  effects.  Although  an  electrostatic  space  charge  layer  does 
indeed  exist  near  the  shock  front  and  travels  along  with  it,  there  is 
no  evidence  that  this  space  charge  layer  actually  alters  the, structure 
of  the  shock  wave  in  flie  primarily  neutral  gas. 
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Abstract 

Experimental  measurements  recording  shock  propagation  characteristics  within  and  downstream 
of  a  glow  discharge  are  reported  here.  The  apparatus  and  photo-acoustic  deflection  (PAD) 
measurement  technique  described  in  an  earlier  work  (ref.  [10])  are  used  to  measure  average  shock 
velocities  and  examine  the  recovery  of  the  PAD  signal  downstream  of  the  glow  discharge. 
Interpretation  of  the  measurements  is  aided  by  numerical  calculations  obtained  by  solving  the 
compressible  Navier-Stokes  equations  for  a  shock  wave  generated  in  a  cylindrical  tube  by  rapid 
energy  addition.  Simulated  PAD  signals  are  obtained  from  calculated  instantaneous  profiles  of 
the  density.  The  numerical  results  show  that  wall  shear  plays  at  least  as  important  a  role  in 
influencing  the  shock  structure  and  the  associated  PAD  signal,  as  do  radial  gradients  in 
temperature.  The  latter  have  been  proposed  previously  based  upon  numerical  solutions  of  the 
inviscid  Euler  equations[ll,12].  Experimental  measurements  of  velocities  and  PAD  signals 
show  that  most  of  the  observed  variations  in  shock  structure  can  be  understood  in  terms  of 
influence  of  thermal  gradients  and  wall  shear.  The  measurements  also  show  a  small  but 
noticeable  effect  of  the  orientation  of  the  electric  field  on  the  average  shock  propagation  velocity 
near  the  cathode,  at  certain  values  of  the  total  current. 


L  Introduction 

The  structure  and  propagation  of 
shock  waves  in  gases  has  been  a  topic  of 
much  interest  in  this  century,  motivated 
primarily  by  aerospace  applications.  It  has 
been  the  subject  of  several  authoritative 
books  [1-4],  Shock  propagation  in  plasmas 
has  also  been  studied  with  specific  regard  to 
re-entry  flows,  interaction  of  the  solar  wind 
with  the  terrestrial  magnetosphere,  and 
magnetohydrodynamic  (MHD)  applications. 
This  research  has  also  culminated  in  several 
authoritative  texts[5-7].  Despite  this 
abundance  of  information  on  shock  wave 
propagation  in  ionized  and  non-ionized 
gases,  experiments  conducted  in  Russia  in 
the  early  1980s[8,  9]  and  more  recently  in 
the  United  States[10]  have  prompted  further 
inquiry  on  this  problem[ll-13]. 
Experiments  reported  in  ref[10]  show 
apparent  modification  of  shock  structure 
within  a  glow  discharge,  and  report  lengths 
on  the  order  of  the  shock  tube  diameter 
downstream  of  the  discharge  in  order  to 
recover  the  original  shock  structure. 
Analysis  of  this  problem  by  numerical 
solution  of  the  inviscid  Euler  equations 
[11,12]  has  shown  that  radial  temperature 


gradients  created  by  the  glow  discharge 
could  explain  the  experimental  observations 
reported  in  ref  [10]. 

In  this  paper,  experimental  results  for 
some  of  the  conditions  reported  in  ref.  [10] 
on  the  propagation  of  shock  waves  through 
weakly  ionized  Argon  are  presented,  along 
with  a  numerical  simulation  of  the 
propagation  of  a  shock  wave  generated  by 
rapid  energy  addition  under  the  influence  of 
wall  shear.  The  shock  waves  are  generated 
using  a  capacitively  discharged  spark,  and 
subsequently  launched  into  a  low-pressure 
glow  discharge  in  Argon.  The  experimental 
apparatus  is  similar  to  that  used  in  ref  [10]. 
Passage  of  the  shock  at  a  given  location  is 
also  monitored  using  the  same  photo¬ 
acoustic  deflection  technique  described  in 
ref.[10].  Experimental  measurements  of 
shock  propagation  velocity  and 
characteristics  of  the  photo-acoustic  signal 
generated  by  the  shock  at  various  axial 
locations  along  the  glow  discharge  tube  are 
reported  here.  Measurements  recording  the 
effects  of  reversing  the  direction  of  the 
electric  field  on  shock  propagation  velocity 
and  photo-acoustic  signal  chwacteristics  are 
also  discussed.  An  important  focus  of  this 
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paper  is  detailed  examination  of  the 
recovery  of  the  photo-acoustic  signal 
downstream  of  the  glow  discharge,  as  a 
function  of  distance  along  the  tube.  These 
experimental  measurements  are  guided  by 
numerical  simulations  of  shock  propagation 
in  a  non-ionized  gas  obtained  by  solving  the 
two-dimensional,  compressible,  Navier- 
Stokes  equations  in  a  cylindrical  geometry. 
Viscous  effects,  especially  with  regard  to 
wall  shear  are  examined  in  these  numerical 
calculations. 

This  paper  is  organized  as  follows. 
The  experimental  apparatus  and  procedure 
are  briefly  described  in  the  following 
section,  since  they  are  very  similar  to  those 
of  ref  [10],  The  interested  reader  is  referred 
to  ref  [10]  for  additional  details.  Results  of 
numerical  solutions  of  the  compressible 
Navier-Stokes  equations  for  weak  shock 
waves  generated  by  rapid  energy  addition 
(i.e.  a  simulated  spark)  in  both  a  wall- 
bounded  gas  as  well  as  in  an  unbounded  gas 
are  discussed  in  Section  HI.  These 
calculations  serve  to  provide  a  basis  for 
examining  shock  propagation  under  the 
influence  of  viscous  effects  and  wall  shear 
alone,  in  the  absence  of  any  thermal 
gradients.  This  is  a  case  that  has  not  been 
previously  examined[ll-13].  Section  fV 
describes  experimental  measurements  aimed 
at  reproducing  the  results  reported  in 
ref.  [10],  and  plausible  explanations  for  these 
results,  guided  by  the  numerical  simulations 
presented  in  Section  HI,  are  given  in  Section 
V.  A  summary  is  provided  in  Section  VI, 
along  with  the  conclusions  of  this  work. 

n.  Experimental  Apparatus  & 

Procedure 

The  experimental  apparatus  used  in 
this  work  is  nearly  identical  to  that  described 
in  ref  [10],  It  consists  of  a  5  cm.  diameter 
closed  pyrex  tube  comprising  a  central  glow 
discharge  section.  A  Kolb  tube  at  one  end 


houses  the  spark  gap  used  to  generate  a 
shock  wave.  The  spark  gap  consists  of  a 
pair  of  tungsten  electrodes  with  a  gap 
distance  of  1  cm.  The  electrodes  are 
cylindrical  rods  0.3175  cm.  (1/8  in.)  in 
diameter.  The  gas  used  in  the  measurements 
reported  here  is  Argon,  and  is  maintained  at 
a  pressure  of  30  Torr.  Typically,  a  voltage 
of  10  kV  is  impressed  across  the  spark  gap, 
discharging  approximately  25  J  of  energy 
over  an  approximate  time  interval  of  1 
microsecond.  However,  only  a  fraction  of 
this  energy  from  the  capacitive  discharge  is 
loaded  into  the  gas.  A  shock  wave  is 
subsequently  formed  as  a  result  of  die  rapid 
energy  addition,  and  propagates  through  the 
tube.  In  some  of  the  experiments  reported 
here,  a  glow  discharge  is  struck  in  30  Torr  of 
Argon  between  the  two  electrodes  located 
downstream  of  the  spark  gap.  The 
electrodes  in  the  glow  discharge  section  are 
cylindrical,  2.5  cm.  in  diameter,  hollow,  and 
concentric  within  the  pyrex  shock  tube  as 
can  be  seen  in  Fig.  1.  The  Argon  gas  is 
introduced  via  a  rotameter,  slowly  flowing 
at  100  seem  in  a  direction  counter  to  that  of 
shock  propagation  as  in  ref.[10].  In  ref  [10] 
however,  the  flow  was  carefully  controlled 
and  introduced  at  a  rate  of  50  seem  using  a 
mass  flow  controller.  In  an  effort  to 
reproduce  one  of  the  shock  tube 
configurations  of  ref  [10],  the  upstream 
electrode  (i.e.  nearest  the  spark  gap)  is 
longer,  5  cm.  in  length,  while  the 
downstream  electrode  (i.e.  farthest  away 
from  the  spark  gap)  is  shorter,  and  1.5  cm.  in 
length.  The  distance  between  the  electrodes 
(edge  to  edge)  in  the  glow  discharge  is 
22.25  cm.  in  the  present  work,  while  the 
corresponding  distances  in  ref[10]  were  19 
cm.  and  20  cm.  A  visibly  uniform  glow 
discharge  can  be  maintained  in  Argon  at  30 
Torr  using  this  configuration,  provided  the 
discharge  current  does  not  exceed  about  60 
mA  after  which  point  the  discharge  becomes 
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filamentary.  In  the  experiments  reported 
here,  the  current  in  the  glow  discharge  is 
varied  from  0  mA  to  50  mA,  and  the  voltage 
is  varied  from  1.8  kV  (for  10  mA)  to  4.8  kV 
(for  50  mA).  Shock  waves  are  launched  into 
the  glow  discharge  after  it  has  been 
operating  for  15  minutes,  to  ensure  that  any 
thermal  gradients  that  exist  would  have 
attained  steady  state. 

The  spark  gap  serving  as  the  trigger 
and  a  prescribed  time  delay  are  used 
together  to  detect  the  instant  of  time  when 
the  shock  wave  passes  a  given  location.  A 
Uniphase  1125  He-Ne  laser  (10  mW)  is 
directed  perpendicular  to  the  axis  of  the 
shock  tube,  partially  illuminating  a  Thor 
Laboratories  PDA  155  high-speed  amplified 
Silicon  detector  on  the  other  side  of  the  tube 
as  shown  in  Fig.  1.  The  detector  ou^uts  a 
voltage  proportional  to  the  intensity  of  the 
beam  illuminating  it.  As  the  shock  wave 
traverses  across  the  laser  beam,  the  gradient 
in  density  across  the  shock  front  gives  rise  to 
a  variation  in  the  index  of  refraction,  causing 
the  He-Ne  beam  to  deflect.  The  resulting 
time-varying  voltage  is  then  recorded  on  a 
Tektronix  digital  oscilloscope  (40  MHz).  In 
the  experiments  reported  here,  a  sampling 
rate  of  5  MHz  is  used.  Since  the  deflection 
of  the  beam  is  proportional  to  the  axial 
density  gradient  integrated  across  the  tube, 
so  is  the  resulting  voltage  time  signature 
recorded  by  the  detector.  Therefore,  a  shock 
front  would  give  rise  to  a  photo-acoustic 
deflection  (PAD)  signal  that  appears  as  a 
sharp  spike  resembling  a  Delta  function,  as 
shown  in  Fig.  2.  The  same  photo-acoustic 
signal  is  used  to  measure  the  average 
velocity  of  the  shock  front.  This  is  done  by 
measuring  the  time  of  flight  between  two 
axial  locations,  6.9  cm.  apart.  In  this 
instance,  the  He-Ne  beam  is  passed  through 
a  beam  splitter,  one  beam  passing  through 
the  tube  and  illuminating  a  detector  on  the 
other  side.  The  other  beam  is  reflected  off  a 


mirror  and  then  passed  through  the  tube  onto 
a  second  detector.  Using  the  signal  from  the 
first  detector  as  the  trigger  and  prescribing  a 
time  delay  then  allows  the  shock  wave  to  be 
detected  at  the  second  axial  location.  The 
travel  time  of  the  shock  wave  between  the 
two  locations  is  recorded,  and  since  the 
distance  between  these  locations  is  known, 
an  average  velocity  can  be  calculated.  The 
two  split  beams  are  separated  by  6.9  cm.  due 
to  physical  limitations  in  the  apparatus,  and 
this  is  coarser  than  the  2.59  cm.  separation 
used  to  measure  the  shock  velocity  in 
ref  [10].  The  average  shock  velocity  at  a 
given  point  is  thus  measured  by  the  time  of 
flight  between  the  split  beams,  3.45  cm.  on 
either  side  of  the  point,  in  the  present 
experiments.  Variation  of  the  shock 
velocity  with  position  along  the  tube  is 
enabled  by  mounting  the  laser/detector 
assembly  on  an  optical  rail,  and  mounting 
the  rail  on  a  translation  stage. 

In  this  paper,  several  experimental 
measurements  are  reported.  Measurements 
of  average  shock  velocity  are  obtained  at 
several  axial  locations,  before  the  glow 
discharge  region,  within  the  glow  discharge 
region,  and  downstream  of  it.  These 
average  velocity  measurements  are  obtained 
with  two  discharge  polarities,  one  where  the 
applied  electric  field  is  in  Ae  direction  of 
shock  propagation  and  the  other  in  which 
the  electric  field  is  in  the  direction  counter  to 
that  of  shock  propagation.  Measurements  of 
the  average  shock  velocity  are  also  made  for 
several  values  of  the  total  current  within  the 
diffuse  glow  discharge:  0  mA,  10  mA,  30 
mA,  and  50  mA.  Photo-acoustic  deflection 
signals  are  also  obtained  for  these  current 
levels  and  for  both  orientations  of  the 
applied  electric  field.  Inference  of  the  shock 
structure  from  these  PAD  signal 
measurements  is  not  straightforward. 
Therefore,  in  order  to  aid  interpretation  of 
these  PAD  signals,  we  examine  in  the 
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following  section,  two-dimensional 
numerical  solutions  of  the  compressible 
Navier-Stokes  equations  for  shock 
propagation  in  a  neutral  gas  within  a 
cylindrical  tube,  initiated  by  rapid  energy 
addition. 

m.  Numerical  Calculations  of  Shock 

Waves  Initiated  by  Sudden  Energy 

Release 

In  this  section,  we  briefly  present 
results  of  numerical  calculations  of  a  shock 
wave  produced  by  sudden  energy  release. 
The  interested  reader  is  referred  to  ref.  [14] 
for  details  of  this  calculation.  In  the 
experiments,  a  capacitive  discharge  in 
Argon  at  30  Torr  resulting  in  a  spark,  is  used 
to  generate  a  shock.  This  process  begins 
with  electrons  being  rapidly  heated  to  tens 
of  thousands  of  degrees  Kelvin,  within  about 
a  hundred  nanoseconds.  The  electrons  then 
heat  the  neutral  atoms  and  ions  over  a  time 
scale  on  the  order  of  a  microsecond.  It  is 
during  this  latter  time  period  tiiat  the  gas  is 
rapidly  heated  and  a  shock  wave  is 
generated.  The  propagation  of  the  shock 
wave  in  a  neutral  gas  and  associated  motion 
and  relaxation  of  the  gas  is  determined  by 
the  compressible  Navier-Stokes  equations. 
The  spark  discharge  can  be  modeled  as  an 
amount  Q  of  power  added  to  the  gas  per  unit 
volume  and  per  unit  time.  Then,  (At)Q 
represents  the  amount  of  power  per  unit 
volume  added  to  the  gas  over  the  time 
interval  (At).  We  consider  here  solutions  to 
the  compressible,  two-dimensional,  axi- 
symmetric  Navier-Stokes  equations  in  order 
to  determine  the  characteristics  of  a  shock 
wave  generated  by  rapid  energy  addition.  A 
value  of  Q  =  4.413  X  lO*'^  W/m^/s  over  a 
duration  of  1  microsecond,  and  within  a 
cylindrical  volume  5  cm.  in  diameter  and  1 
mm  long,  is  used  in  the  results  of 
calculations  presented  here.  This  value  of  Q 


was  chosen  to  produce  a  shock  wave 
propagating  at  a  Mach  number  on  the  order 
of  1.2  at  a  distance  of  about  20  cm.  from  the 
point  of  its  initiation.  Maintaining  this 
Mach  number  for  longer  distances  (as  in  the 
experiments)  would  require  larger  values  of 
Q,  which  in  turn  would  lead  to  larger 
gradients  in  the  early  portion  of  the 
transient.  This  imposes  stringent  constraints 
on  the  numerical  solution,  forcing  small 
grids  and  time  steps,  which  are 
unnecessarily  limiting  since  we  are 
primarily  interested  in  the  solution  at  much 
later  instants  of  time.  Therefore,  in  the 
interest  of  reducing  the  computational  time 
and  effort,  a  lower  and  more  modest  value  is 
chosen  for  Q.  It  must  be  emphasized  that 
this  does  not  alter  the  conclusions  drawn 
from  the  analysis  since  the  magnitude  of  Q 
determines  how  far  a  shock  wave  can  travel, 
while  maintaining  a  sharp  density  gradient 
across  its  leading  edge.  We  are  specifically 
interested  here  in  what  happens  in  the 
presence  of  a  bounding  wall,  and  in  the 
absence  of  thermal  gradients.  This  is  a  case 
not  previously  considered  in  numerical 
solutions  of  Ae  Euler  equations  for  this 
problem[ll,12]. 

Calculations  are  presented  here  for 
two  specific  cases.  The  first  is  the 
propagation  of  a  shock  wave  in  Argon 
initially  at  30  Torr  and  300  K.  The  effects 
of  viscosity  and  wall  friction  are  explored 
using  two  different  boundary  conditions. 
The  first  case  with  5u/^  =  0and 

5w/0r  =  O  applied  at  the  wall  of  the  tube, 
where  u  is  the  radial  component  of  velocity 
and  w  is  the  axial  component  of  velocity, 
examines  viscous  effects  independently  of 
wall  friction  (i.e.  a  bounding  wall).  The 
second  case  with  tiie  usual  no-slip  boundary 
conditions  (u  =  w  =  0  at  the  wall  of  the 
tube),  represents  real  viscous  flow  in  a  tube 
including  the  effects  of  wall  shear.  Figure  3 
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shows  the  variation  of  density  (non- 
dimensionalized  by  0.0641  kg/m^)  with  axial 
location  at  100  |xs,  200  |is,  300^s,  and  400 
|is  after  the  rapid  energy  addition,  for  the 
first  case  where  wall  friction  is  absent.  Note 
that  the  shape  of  the  instantaneous  density 
profile  is  essentially  triangular  with  an 
expanding  trailing  portion,  and  with  the 
leading  edge  being  the  shock  front.  The 
amplitude  can  be  seen  to  decrease  as  the 
shock  traverses  down  the  tube,  and  is  a 
necessary  consequence  of  the  expansion  at 
the  trailing  edge  of  the  structure.  Figure  4 
shows  the  axial  profiles  of  the  density 
gradient  in  the  axial  direction  integrated 
across  the  tube  diameter,  which  by  virtue  of 
being  proportional  to  toe  PAD  signal,  is 
referred  to  here  as  toe  simulated  PAD  signal. 

As  can  be  seen  from  Fig.  4,  toe  simulated 
PAD  signal  resembles  a  Delta-function  and 
therefore  signifies  that  the  density  profile 
approximates  a  triangular  waveform  with  a 
long  tail.  However,  its  amplitude  can  be  v 
seen  to  weaken  due  to  spreading  of  toe  front 
as  well  as  viscous  effects.  The  decrease  in 
amplitude  of  toe  simulated  PAD  signal  is 
indicative  of  the  density  gradient  in  toe  axial 
direction  becoming  shallower  as  toe  shock 
wave  propagates  through  toe  tube.  Note  that 
resolution  would  limit  toe  ability  to  detect 
toe  trailing  portion  in  an  experiment.  The 
variation  of  density  shown  in  Fig.  3  is 
qualitatively  similar  to  what  would  be 
predicted  from  a  quasi  one-dimensional 
calculation  in  toe  absence  of  wall  friction, 
for  comparable  energy  addition[14].  In  toe 
quasi  1-D  solutions,  toe  simulated  PAD 
signal  is  found  to  decrease  in  amplitude  but 
still  resembles  a  Delta  function  since  toe 
wave  front  spreads  out  mainly  in  toe  trailing 
portion[14].  Figures  5  and  6  show  toe 
density  profiles  and  simulated  PAD  signals 
for  the  realistic  case  of  a  shock  propagating 
in  a  bounded  tube  (i.e.  where  no-slip 


boundary  conditions  are  applied  at  toe  walls 
of  toe  tube),  at  100  ps,  150  ps,  200  ps,  300 
ps,  and  400  ps  after  toe  initial  rapid  energy 
addition,  respectively.  In  this  instance,  it 
can  be  seen  that  toe  simulated  PAD  signal 
shows  a  split  structure  indicating  non¬ 
monotonic  variation  of  toe  density  profile. 
It  is  important  to  point  out  that  both  cases 
considered  here  are  ones  where  there  are  no 
thermal  gradients  of  any  sort.  Splitting  of 
the  PAD  signal  is  observed  in  toe  absence  of 
thermal  gradients  and  in  toe  absence  of  a 
plasma.  Splitting  of  toe  simulated  PAD 
signal  occurs  because  toe  part  of  toe  shock 
near  toe  wall  of  toe  tube  lags  behind  that 
part  of  the  shock  near  toe  centerline.  This 
can  be  clearly  seen  in  Fig.  7,  where  axial 
variations  of  toe  instantaneous  density  are 
plotted  at  two  different  radial  locations,  one 
at  the  centerline  and  another  midway 
between  toe  centerline  and  toe  wall.  It  is 
important  to  point  out  that  although  toe 
simulated  PAD  signals  in  Fig.  6  exhibit 
splitting,  toe  shock  front  itself  has  not  split. 
Indeed,  toe  split  structure  of  toe  simulated 
PAD  signal  can  be  caused  by  one  of  two 
distinct  reasons.  Either  toe  shock  front  is 
curved  or  it  is  tilted  out  of  toe  plane.  It  can 
be  seen  that  toe  effect  of  toe  bounding  wall 
is  to  retard  toe  shock  front  due  to  toe  wall 
shear.  These  results  from  toe  numerical 
simulations  suggest  that  wall  friction  can 
produce  split  PAD  signals  in  a  manner 
similar  to  toose  introduced  by  radial  thermal 
gradients[ll,12],  provided  the  tube  is  long 
enough  or  if  there  is  insufficient  energy 
addition  to  toe  gas  from  toe  spark. 

In  summary,  numerical  simulations 
of  a  spark-generated  shock  wave  reveal  that 
wall  friction  is  at  least  as  important  as 
thermal  gradients  in  influencing  PAD  signal 
characteristics.  For  a  given  amount  of  initial 
energy  loading  into  toe  gas,  toe  PAD  signal 
structure  will  show  splitting  and  spreading 
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of  peaks  given  a  sufficiently  long  tube,  even 
in  the  absence  of  thermal  gradients.  The 
same  holds  true  for  a  tube  of  given  length, 
where  the  energy  loading  by  the  spark  into 
the  gas  may  be  low.  Moreover,  splitting  and 
spreading  of  the  PAD  signal  do  not  imply 
splitting  and  spreading  of  die  shock.  Such 
changes  in  the  PAD  signal  do  however 
indicate  either  curvature  of  the  shock  as 
noted  in  refs.[ll-13]  or  tilting  of  the  shock 
front  away  from  the  direction  of 
propagation.  Widi  this  understanding,  we 
now  proceed  to  examine  experimental 
measurements  of  spark-generated  shock 
propagation  in  Argon. 

IV.  Experimental  Results  & 

Discussion 

In  this  section,  we  present  PAD 
measurements  of  shock  propagation 
characteristics  in  Argon  at  30  Torr,  within 
and  outside  of  a  glow  discharge.  The 
experimental  apparatus  and  procedure  have 
been  described  previously  in  Section  11. 
Using  the  PAD  technique  of  ref.  [10],  PAD 
signal  structure  is  examined  at  various  axial 
locations,  for  several  values  of  the  discharge 
total  current.  In  addition,  the  effects  of 
alignment  of  the  applied  electric  field  with 
respect  to  the  shock  propagation  direction  on 
velocity  and  PAD  signal  recovery  are  also 
explored. 

Figure  8  shows  a  plot  of  the  average 
shock  velocity  as  a  function  of  position  for 
the  case  where  the  longer  electrode  located 
nearest  to  the  spark  gap  is  the  cathode,  for 
different  values  of  the  total  discharge 
current.  It  can  be  seen  that  in  the  absence  of 
the  glow  discharge,  the  shock  velocity 
decreases  monotonically  as  expected.  When 
the  glow  discharge  is  on,  the  velocity  is  seen 
to  exhibit  a  noticeable  local  maximum 
within  the  glow  discharge  section.  The 
occurrence  of  a  single  maximum  in  the 
shock  velocity  in  this  region  can  be 


understood  as  the  result  of  the  opposing 
influences  of  heating  and  wall  shear.  Ohmic 
heating  within  the  discharge  raises  the  gas 
temperature  and  therefore  increases  the 
shock  velocity.  However,  as  the  velocity 
increases,  the  wall  shear  tends  to  lower  it 
since  wall  shear  scales  as  the  square  of  the 
velocity,  as  was  discussed  in  the  numerical 
simulations  presented  in  Section  DI.  The 
effects  of  heating  are  evident  in  the  observed 
increase  in  shock  velocity  as  the  current  is 
raised.  There  is  however,  a  repeatable  and 
noticeable  local  minimum  in  the  shock 
velocity  near  the  cathode  for  currents  of  30 
mA  and  50  mA.  Although  this  decrease  in 
the  shock  velocity  is  small  and  within  the 
band  of  experimental  uncertainty,  it  is 
reproducible  and  not  entirely  consistent  with 
the  expected  influence  of  Aermal  gradients 
and/or  wall  friction  alone.  It  is  also 
important  to  point  out  that  this  local 
minimum  in  the  shock  velocity  within  the 
discharge  is  independent  of  shot  to  shot 
variations.  The  origin  of  diis  local  minimum 
is  at  present,  unclear.  It  does  appear  to  be 
inconsistent  with  expected  behavior  of 
shocks  in  the  presence  of  thermal  gradients 
and  wall  shear.  Upon  exiting  the  glow 
discharge  section,  the  velocity  of  the  shock 
can  be  seen  to  assume  the  same  value  as  in 
the  absence  of  the  glow  discharge,  almost 
immediately.  Figure  9  shows  the  shock 
velocity  plotted  versus  total  current  within 
the  glow  discharge  at  two  specific  locations 
within  the  discharge.  These  are  at  an  axial 
location  of  9.5  cm  (measured  from  the 
center  of  the  electrode  that  is  closest  to  the 
spark  gap)  or  7.0  cm  from  the  edge  of  the 
electrode  nearest  the  spark  gap,  and  at  18  cm 
(i.e.,  15.5  cm  from  the  edge  of  the  cathode 
and  6.75  cm  from  the  edge  of  the  anode). 
These  trends  are  similar  to  those  reported  in 
die  experiments  of  ref  [10].  It  can  be  seen 
that  the  shock  velocity  varies  non-linearly 
with  the  total  current  at  both  axial  locations. 
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for  this  case  where  the  electric  field  is 
directed  opposite  to  the  direction  of  shock 
propagation. 

Figures  10  and  11  show 
corresponding  variations  of  shock  velocities 
for  the  case  where  the  electrode  closest  to 
the  spark  gap  is  the  anode.  This  is  the  case 
where  the  electric  field  is  aligned  in  the 
direction  of  shock  propagation.  Some  of  the 
trends  observed  in  Fig.  8  are  also  found  in 
Fig.  10.  Note  that  there  is  a  noticeable  local 
minimum  near  the  anode,  as  there  was  near 
the  cathode  in  Fig.  8.  However,  unlike  Fig. 
8,  this  local  minimum  is  not  repeatable. 
Figure  11  shows  essentially  the  same  non¬ 
linear  trends  as  Fig.  9,  when  the  shock 
velocity  is  plotted  versus  total  discharge 
current.  The  gas  temperature  in  the  glow 
discharge  is  expected  to  scale  as  the  square 
of  the  current  and  the  shock  velocity  is 
expected  to  scale  as  the  square  root  of 
temperature.  Therefore,  the  velocity  is 
expected  to  scale  linearly  with  discharge 
current.  The  observed  non-linear 
dependence  of  shock  velocity  on  total 
current  may  be  due  to  the  fact  that  as  the 
current  and  hence  the  temperature  increase, 
the  shock  velocity  increases.  This  in  turn 
would  increase  the  magnitude  of  the 
retarding  force  due  to  wall  shear  (which  as 
stated  earlier  should  scale  as  the  velocity 
squared),  and  tend  to  limit  the  increasing 
shock  velocity.  This  may  explain  the 
observed  non-linear  behavior  evident  in 
Figs.  9  and  11.  However,  the  presence  of  a 
small  local  minimum  in  the  average  shock 
velocity  downstream  of  the  cathode  within 
the  glow  discharge  region  is  somewhat 
enigmatic. 

Figures  12  through  17  show  PAD 
signals  at  several  axial  locations 
downstream  of  the  glow  discharge,  for 
discharge  currents  of  10  mA,  30  mA,  and  50 
mA  respectively,  and  for  the  two 
orientations  of  electric  field  considered  in 


this  paper.  Evident  in  these  figures  is  the 
recovery  of  the  PAD  signal  to  its  Delta 
function-like  appearance.  Typically,  the 
PAD  signal  will  increase  in  amplitude  after 
the  shock  emerges  from  the  glow  discharge 
region,  reach  a  maximum,  and  decline  in 
amplitude  thereafter.  The  recovery  distance 
is  defined  here  as  the  distance  from  the  edge 
of  the  electrode  at  the  end  of  the  glow 
discharge,  to  the  axial  location  where  the 
PAD  signal  recovers  its  Delta  function-like 
appearance.  As  can  be  seen  from  these 
figures,  there  is  a  small  but  noticeable 
dependence  of  the  PAD  signal  recovery 
distance  on  the  direction  of  the  electric  field. 
However,  this  may  be  attributed  to  shot  to 
shot  variations,  since  variations  up  to  0.5  cm 
were  noted.  From  Fig.  12,  the  recovery 
distance  can  be  seen  to  be  ^5.2(5)  cm.  and 
:^.7(5)  cm.  when  the  electric  field  is  in  the 
direction  opposite  to  that  of  shock 
propagation,  while  from  Fig.  13,  the 
recovery  distance  is  >5.2(5)  cm.  and  <7.7(5) 
cm.  when  the  electric  field  is  aligned  in  the 
direction  of  shock  propagation,  for  a  total 
current  of  10  mA.  Similarly,  for  30  mA, 
Fig.  14  shows  a  recovery  length  of  >5.2(5) 
cm.  and  <7.7(5)  cm.,  while  Fig.  15  shows  it 
to  be  >5.2(5)  cm.  and  ^.7(5)  cm.  when  the 
electric  field  is  in  the  shock  propagation 
direction.  For  50  mA,  when  the  electric 
field  is  opposite  to  the  shock  propagation 
direction,  the  recovery  length  from  Fig.  16  is 
>5.2(5)  cm.  and  <7.7(5)  cm.,  while  the 
recovery  length  is  >5.2(5)  cm.  and  <7.7(5) 
cm.  (from  Fig.  17)  when  Ae  electric  field  is 
aligned  in  ftie  direction  of  shock 
propagation.  For  all  cases,  ftie  recovery 
length  is  noticeably  longer  when  the  electric 
field  is  in  the  direction  of  propagation  of  the 
shock.  In  this  instance,  the  cathode,  which  is 
expected  to  be  the  hotter  of  the  two 
electrodes  is  on  the  downstream  side  of  the 
shock  propagation  direction  so  that  the 
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longer  recovery  length  may  have  its  origin 
in  thermal  gradients. 

In  summary,  most  of  the  trends 
observed  in  the  experiments  reported  here 
can  be  explained  in  terms  of  classical  effects 
due  to  thermal  gradients  and  wall  shear. 
The  only  exception  appears  to  be  the  local 
minimum  in  the  average  shock  propagation 
speed  near  the  cathode  that  was  observed  for 
the  higher  currents  in  the  glow  discharge. 
This  decrease  in  velocity  may  have  its  origin 
in  electrostatic  interactions  between  the 
space  charge  layer  across  the  shock  front 
and  the  electrode-adjacent  sheath.  The 
presence  of  an  electrostatic  force  is  expected 
to  influence  shock  structure  in  a  manner 
analogous  to  the  presence  of  wall  friction 
considered  in  this  work.  The  latter  (wall 
friction)  has  been  shown  to  alter  the  PAD 
signal  structure.  This  raises  the  possibility 
of  altering  shock  structure  and  shock 
propagation  characteristics  in  the  presence 
of  ionization  and  externally  applied  electric 
fields.  The  possibility  of  mitigating  the 
strength  of  propagating  detonation  shocks 
by  application  of  electric  fields  is  not  new. 
It  was  first  suggested  by  J.  J.  Thomson  as 
early  as  1910[15],  but  reportedly  met  with 
mixed  success  in  experimental  attempts  to 
verify  his  idea[16,17].  As  the  shock 
traverses  the  electrode  regions  of  the  glow 
discharge,  it  encounters  the  sheath  region 
near  the  cathode  with  its  associated 
relatively  high  electric  fields.  The  presence 
of  fields  of  this  magnitude  (on  the  order  of 
kV/cm)  can  influence  the  charge  separation 
layer  across  the  shock  front,  and  in  principle 
must  affect  the  recovery  of  the  propagating 
structure.  A  recent  Direct  Simulation  Monte 
Carlo  (DSMC)  analysis  reported  in  ref  [18], 
considers  the  effects  of  electrostatic  forces 
interacting  with  the  double  layer  caused  by 
charge  separation  across  the  shock  front  on 
die  propagating  shock  structure.  This  work 
shows  that  a  steady  state  solution  may  not 


exist  for  an  initially  stationary  shock  wave 
subjected  to  a  shock-centered  force. 

V.  Summary  &  Conclusions 

Shock  propagation  through  a  glow 
discharge  has  been  examined  using  the  PAD 
technique  of  ref  [10].  The  effects  reported 
in  ref  [10]  have  been  reproduced  for  Argon 
at  a  pressure  of  30  Torr.  A  two-dimensional 
numerical  calculation  incorporating  viscous 
effects,  and  simulating  the  propagation  of  a 
spark-generated  shock  in  a  cylindrical  tube 
has  also  been  conducted.  The  simulations 
reveal  that  wall  shear  can  induce  variations 
in  the  simulated  PAD  signal,  similar  to 
radial  thermal  gradients.  The  latter  was 
proposed  in  earlier  work  to  explain  observed 
variations  in  the  PAD  signal[ll-13]. 
Detailed  measurements  of  shock  velocity 
versus  distance  along  the  direction  of 
propagation  as  well  as  recovery  of  the  PAD 
signal  downstream  of  the  glovi?^  discharge 
have  also  been  made.  It  appears  as  though 
the  presence  of  thermal  gradients  and  wall 
shear  effects  are  capable  of  explaining  most 
of  the  observed  trends  and  observations. 
However,  the  average  shock  velocity 
exhibits  some  enigmatic  characteristics. 
There  is  a  local  minimum  in  the  average 
shock  velocity  near  the  cathode,  within  the 
glow  discharge.  Such  a  minimum  is  not 
observed  near  die  anode.  These  effects  may 
be  due  to  electrostatic  interaction  between 
the  shock  and  the  cathode-adjacent  sheath, 
or  due  to  local  temperature  gradients.  This 
can  only  be  resolved  by  point-wise 
temperature  measurements.  On-going 
studies  of  shock  propagation  through 
optically  pumped  CO/Ar  plasmas  and  gas 
mixtures  would  provide  further  insight  into 
shock  propagation  in  weakly  ionized 
gases[19].  The  role  of  thermal  gradients  and 
wall  shear  versus  any  electrostatic 
influences  can  then  be  isolated  with  the  aid 
of  such  experiments. 
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Fig.  1:  Schematic  of  experimental  apparatus 


Fig.  2:  Schematic  of  typical  density  profile  and  corresponding  photo-acoustic 
deflection  (PAD)  signal.  The  PAD  signal  is  proportional  to  the  integral  of  the 
axial  gradient  of  density  over  the  radius  of  the  tube. 


10mW 

LASER 


I 


/h 


^ . ^  Beam  splitter 


0 


Photo  Diodes 


Flow  Out 


Non-dimensionalized  density 


Axial  location  (cm) 


Fig.  3:  Calculated  profiles  of  density  (non-dimensionalized  by  0.0641  kg/m^)  are  shown  here 
at  various  instants  of  time  after  a  rapid  energy  release  at  x  =  0  cm.  These  results  are 
obtained  from  numerical  solutions  of  the  2-D,  axi-symmetric,  compressible,  Navier- 
Stokes  equations  simulating  the  case  of  an  unbounded  cylindrical  domain  created  by 
imposing  slip  boundary  conditions  at  the  wall.  This  case  shows  the  propagation  of  a 
shock  in  a  viscous  fluid  (Argon  at  30  Torr),  but  without  the  influence  of  wall  shear. 


Axial  location  (cm) 

Fig.  4:  The  simulated  PAD  signal  for  the  density  profiles  shown  in  Fig  3  are  displayed  here  at 
various  instants  of  time  after  a  rapid  energy  release  at  x  =  0  cm.  These  results  are 
obtained  by  integrating  the  axial  gradient  of  density  across  the  diameter  of  the  tube,  for 
the  case  of  an  unbounded  cylindrical  domain.  Although  the  horizontal  axis  is  distance, 
similar  profiles  would  be  recorded  in  time  by  a  detector  located  at  a  given  point, 
observing  the  passing  shock. 


Non-dimensionalized  density 


Fig.  5;  Calculated  profiles  of  density  (non-dimensionalized  by  0.0641  kg/m^)  are  shown  here 
at  various  instants  of  time  after  a  rapid  energy  release  at  x  =  0  cm.  These  results  are 
obtained  by  numerically  solving  the  2-D,  axi-symmetric,  compressible,  Navier-Stokes 
equations  for  the  realistic  case  with  no-slip  boundary  conditions  at  the  wall.  This  case 
shows  the  propagation  of  a  shock  in  a  viscous  fluid  (Argon  at  30  Torr),  under  the 
influence  of  wall  shear. 
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Fig.  6:  The  simulated  PAD  signal  for  the  density  profiles  shown  in  Fig.  5  are  displayed  here  at 
various  instants  of  time  after  a  rapid  energy  release  at  x  =  0  cm.  These  results  are 
obtained  by  employing  the  same  procedure  used  in  Fig.  4.  This  figure  shows  how  the 
appearance  of  a  PAD  signal  is  modified  when  a  shock  propagates  in  a  viscous  fluid 
(Argon  at  30  Ton),  under  the  influence  of  wall  shear. 
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Fig.  7:  Calculated  profiles  of  density  (normalized)  are  shown  here  300  jis  after  rapid  release  of 
energy  at  x  =  0  cm,  at  two  different  radial  locations:  r  =?  0,  and  r  =  1.5  cm.  It  is  this  radial 
staggering  of  these  density  profiles  that  gives  rise  to  apparent  splitting  in  the  PAD  signal. 
This  is  the  realistic  case  of  a  5  cm.  cylindrical  tube  containing  Argon  at  30  Torr,  with  no¬ 
slip  conditions  applied  at  the  wall.  Note  that  the  portion  of  the  wave  nearest  the  wall  is 
retarded  relative  to  its  counterpart  at  the  centerline  due  to  wall  shear,  and  therefore  lags 
behind  in  space  (and  in  time).  This  gives  the  appearance  of  two  or  more  split  structures 
in  the  PAD  signal. 


Figure  8:  Measured  shock  propagation  versus  distance  aiong  the  shock  tube  for  various  currents  are  shown  here.  The  electrode  nearest  the  spark  gap  is 
the  cathode  (L-)  and  the  farthest  electrode  is  the  anode  (S+)  in  this  case. 
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Figure  9:  Variation  of  shock  propagation  velocity  vi/ith  current  is  shown  at  two  specific  locations  (95mm  and  180mm)  from  the  edge  of  the  cathode,  which 
is  the  electrode  nearest  the  spark  gap. 
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Figure  11:  Variation  of  shock  propagation  velocity  with  current  is  shown  at  two  specific  locations  (95mm  and  180mm)  from  the  edge  of  the  anode,  which 
is  the  electrode  nearest  the  spark  gap. 


Fig.  12:  The  time  signature  of  the  amplitude  of  the  photo-acoustic  deflection  signal  is  shown  here  at  various 
locations  (indicated  in  mm)  downstream  of  the  anode  edge.  The  current  in  the  glow  discharge  is  10mA  for  this 
case. 
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Fig.  14:  The  time  signature  of  the  amplitude  of  the  photo-acoustic  deflection  signal  is  shown  here  at  various 
locations  (indicated  In  mm)  downstream  of  the  anode  edge.  The  current  in  the  glow  discharge  is  30mA  for  this 
case.  ^ 


Fig.  15:  The  time  signature  of  the  amplitude  of  the  photo-acoustic  deflection  signal  is  shown  here  at  various 
locations  (indicated  in  mm)  downstream  of  the  cathode  edge.  The  current  in  the  glow  discharge  Is  30mA  for  this 
case. 


Fig.  16:  The  time  signature  of  the  amplitude  of  the  photo-acoustic  deflection  signal  is  shown  here  at  various 
locations  (indicated  in  mm)  downstream  of  the  anode  edge.  The  current  in  the  glow  discharge  is  50mA  for  this 
case. 


Fig.  17:  The  time  signature  of  the  amplitude  of  the  photo-acoustic  deflection  signal  is  shown  here  at  various 
locations  (indicated  in  mm)  downstream  of  the  cathode  edge.  The  current  in  the  glow  discharge  is  50mA  for  this 
case. 
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Abstract 

The  paper  discusses  experimental  studies  of  spark-generated  shock  wave  propagation  in  CO- 
laser  sustained  optically  pumped  C0-Ar-02  plasmas.  The  rotational-translational  temperature  of 
the  plasma  is  measured  by  Fourier  transform  infrared  emission  spectroscopy.  The  electron 
density  in  the  plasma  is  determined  by  microwave  attenuation.  The  line-of-sight  density 
distribution  across  the  propagating  shock  is  detected  by  photo-acoustic  deflection  (PAD).  The 
measurements  show  that  adding  of  up  to  0. 1%  of  oxygen  to  the  baseline  optically  pumped  CO- 
Ar  plasma  increases  the  electron  density  and  the  ioni2ation  fraction  by  more  than  an  order  of 
magnitude  (up  to  ne=0.910*“  cm'^  and  ne/N=0.810‘*  cmVsec,  respectively),  while  the  gas 
temperature  remains  nearly  constant,  within  3-5%.  Basically,  this  method  allows  varying  the 
electron  density  in  the  plasma  nearly  independently  of  the  gas  temperature.  The  PAD 
measurements  show  considerable  shock  wave  weakening  and  dispersion  in  the  optically  pumped 
plasma  with  a  strong  radial  temperature  gradient.  However,  varying  the  electron  density  at  a 
nearly  constant  gas  temperature  does  not  produce  any  measurable  effect  on  the  gas  density 
distribution  across  the  shock.  It  is  therefore  concluded  that  the  observed  shock  weakening  is 
entirely  due  to  the  radial  temperature  gradient  sustained  by  resonance  absorption  of  the  CO  laser 
radiation  near  the  centerline  of  the  shock  tube  and  is  not  affected  by  the  presence  of  the  charged 
species  in  the  plasma. 


1.  Introduction 

Shock  wave  propagation  in  weakly  ionized  glow  discharge  plasmas  (with  ionization  fraction  of 
ne/N-lO'^-lO"^)  has  been  extensively  studied  over  the  last  15  years,  both  in  Russia  [1-11]  and  in 
the  U.S.  [12-20].  A  number  of  anomalous  effects,  such  as  shock  acceleration,  weakening,  and 
dispersion,  have  been  reported.  These  effects  have  been  observed  in  discharges  in  various  gases 
(air,  N2,  Ar)  at  pressures  up  to  P=30  Torr,  and  for  Mach  numbers  M=l. 5-4.5.  They  also  persist 
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for  a  long  time  after  the  discharge  is  off  (up  to  ~1  ms).  These  results  led  to  a  suggestion  that  the 
anomalous  shock  wave  behavior  in  nonequilibrium  plasmas  is  primarily  due  to  the  effect  of  the 
speed  of  sound  and  the  flow  field  modification  by  the  charged  species  (e.g.  ion-acoustic  wave) 
[21]  or  by  the  metastable  species  [22-24]  present  in  the  plasma. 

Recent  experimental  and  modeling  results  suggest  that  these  effects  can  in  fact  be  explained  by 
non-uniform  gas  heating  in  the  discharge.  Indeed,  pulsed  glow  discharge  /  shock  tube 
experiments  [15]  and  supersonic  plasma  wind  tunnel  experiments  [17-19]  demonstrate  that  shock 
weakening  and  dispersion  in  glow  discharge  plasmas  are  no  longer  observed  when  the  gas 
temperature  gradients  are  reduced  to  a  minimum  (at  about  the  same  electron  density).  In 
addition,  several  computational  fluid  dynamics  models  predict  acceleration,  weakening,  and 
dispersion  of  the  shock  wave  propagating  across  axial  and  radial  temperature  gradients  (without 
plasmas)  [25-27],  fairly  consistent  with  the  experiments.  Finally,  analysis  of  possible  plasma- 
related  mechanisms  of  the  flow  field  modification  (ion-acoustic  waves,  energy  storage  by 
metastable  species,  etc.)  shows  that  both  these  phenomena  have  negligible  effect  on  the  shock 
wave  propagation  [28].  This  occurs  for  two  basic  reasons:  (i)  the  ionization  jftaction  in  these 
plasmas  is  far  too  low  for  the  charged  species,  perturbed  by  the  shock,  to  produce  significant 
coupling  with  the  neutral  species  flow  field;  and  (ii)  the  amount  of  energy  stored  in  the 
metastables  is  too  low,  or  the  metastable  relaxation  rate  is  too  slow  to  affect  the  energy  balance 
in  the  shock. 

Although  these  recent  results  imply  that  shock  dispersion  and  weakening  in  nonequilibrium 
plasmas  is  a  purely  thermal  effect,  they  should  not  be  regarded  as  entirely  conclusive.  Indeed, 
reduction  of  the  temperature  gradients  in  the  plasma  [15,17-19]  also  increases  the  flow  number 
density  and  therefore  decreases  the  ionization  fraction,  thereby  reducing  a  possible  effect  of 
charged  species  on  the  shock  propagation.  On  the  other  hand,  varying  the  electron  density  in  the 
plasma,  without  affecting  the  gas  temperature  distribution  would  allow  distinguishing  the  effect 
of  nonuniform  Joule  heating  (i.e.  temperature  gradients)  from  the  effect  of  charged  species  oh  the 
shock  wave  propagation.  This  would  determine  whether  ionization  contributed  to  acceleration, 
weakening,  and  dispersion  of  shock  waves  in  glow  discharge  plasmas  observed  in  previous 
experiments  [1,2,12,13]  or  whether  these  effects  are  entirely  due  to  radial  and  axial  temperature 
gradients  present  in  the  plasma.  Such  uncoupling  of  the  thermal  and  ionization  effects  constitutes 
the  primary  objective  of  the  present  experiment. 

Since  independent  variation  of  the  electron  density  and  the  gas  temperature  in  glow  discharge 
plasmas  is  rather  problematic,  we  analyze  shock  wave  propagation  in  strongly  nonequilibrium 
optically  pumped  plasmas  sustained  by  resonance  absorption  of  CO  laser  radiation  [29,30].  The 
gas  pressure  and  temperature  in  these  plasmas  (P~100  torr,  T~400-700  K)  [30],  as  well  as  the 
electron  density  and  electron  temperature  (ne~10*®-10^^  cm'^  Te~0.5  eV)  [30,31]  are  similar  to 
those  achieved  in  glow  discharges.  In  addition,  our  previous  experiments  [32,32]  suggest  that  the 
electron  density  and  the  gas  temperature  in  such  plasmas  can  be  varied  independently.  This 
makes  optically  pumped  plasmas  an  ideal  environment  for  studies  of  possible  effects  of 
ionization  on  the  shock  propagation. 


2,  Experimental 
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The  schematic  of  the  experimental  setup  is  shown  in  Fig.  1 .  The  experimental  apparatus  consists 
of  a  spark  discharge  shock  wave  generator  (Kolb  tube)  attached  to  a  Pyrex  glass  shock  tube  / 
optical  absorption  cell  with  a  test  section  for  diagnostics  of  both  shock  wave  parameters  and 
plasma  parameters.  The  entire  apparatus  is  mounted  on  a  Newport  optical  bench  supported  by  a 
Unistrut  table.  A  shock  wave  is  generated  by  a  spark  discharge  in  a  T-shaped  Pyrex  glass  Kolb 
tube  containing  two  1/8-inch  diameter  tungsten  electrodes  2.5  cm  apart.  A  2.5-cm  diameter 
opening  in  the  Kolb  tube,  centered  at  the  middle  of  the  electrode  gap,  expands  to  the  5-cm 
diameter  shock  tube  connected  to  the  Kolb  tube  as  shown  in  Fig.  1.  The  shock  wave  generated 
by  the  discharge  propagates  along  the  shock  tube,  which  is  1  m  long  (see  Fig.  1).  The  spark  is 
initiated  by  a  discharge  of  two  1  pF  capacitors  connected  in  parallel.  The  capacitors  are  charged 
by  a  Kaiser  Systems  30  kV,  2.5  kW  power  supply.  The  spark  is  triggered  by  an  EG&G  TM-1 1 A 
trigger  module  which  applies  a  breakdown  voltage  to  the  electrodes.  The  trigger  module  also 
sends  a  synchronization  signal  to  the  digital  oscilloscope  to  mark  the  spark  initiation.  The  Kolb 
tube  is  surrounded  by  a  copper  mesh  Faraday  cage  to  prevent  electromagnetic  interference  of  the 
spark  with  the  diagnostics  equipment. 

The  line-of-sight  averaged  density  gradient  across  the  shock  propagating  along  the  tube,  as  well 
as  the  shock  velocity,  are  determined  by  measuring  the  photo-acoustic  deflection  (PAD)  of  a  He- 
Ne  laser  beam  perpendicular  to  the  tube  axis  (see  Fig.  1).  For  this,  a  Uniphase  1125  Helium 
Neon  (He-Ne)  laser  (X=632.8  nm)  with  a  beam  diameter  of  0.8  mm  is  used.  The  laser  beam  is 
split  in  two  by  a  beam  splitter  and  is  directed  onto  two  Thor  Labs  PDA  155  high-speed  (50  MHz) 
amplified  photodiode  detectors  (sensitive  area  of  1  mm^)  located  29.5  mm  apart,  as  shown  in  Fig. 
1.  Both  detectors  are  iniitially  set  slightly  off  the  He-Ne  laser  beams  such  that  the  beams  are 
deflected  onto  the  detectors  as  the  shock  traverses  across  each  beam,  due  to  change  in  the 
refraction  index.  The  amplitude  of  the  resultant  PAD  signal  is  proportional  to  the  deflection 
angle,  which  is  in  turn  proportional  to  the  line-of-sight  averaged  density  gradient  across  the 
shock.  The  simultaneous  use  of  two  detectors  allows  measurements  of  the  shock  propagation 
velocity.  The  PAD  signal  from  the  detectors  is  acquired  by  a  Tektronix  TDA  360  digital 
oscilloscope  at  a  sampling  rate  of  2  MHz  (time  resolution  of  0.5  (isec).  To  acquire  the  PAD 
signal  at  the  desired  location,  oscilloscope  delay  time  relative  to  the  synchronization  signal  from 
the  TM-1 1 A  trigger  (i.e.  spark  initiation)  is  adjusted.  The  entire  PAD  diagnostic  system, 
including  the  He-Ne  laser,  the  beamsplitter,  the  mirror,  and  the  detectors  is  mounted  on  an 
optical  rail,  which  can  be  moved  along  the  shock  tube,  thus  allowing  measurements  at  different 
locations. 

A  c.w.  CO  laser  beam  enters  the  shock  tube  /  optical  absorption  cell  through  a  flange  with  a  2- 
inch  diameter  CaF2  window  at  the  end  of  the  tube.  The  liquid  nitrogen  cooled  CO  laser  [30]  is 
designed  in  collaboration  with  the  University  of  Bonn  [34]  and  fabricated  at  Ohio  State.  It 
produces  a  substantial  fraction  of  its  power  output  on  the  v  =  2->l  frindamental  band  component 
in  the  infrared.  In  the  present  experiment,  the  laser  is  typically  operated  at  10-13  W  c.w. 
broadband  power  on  the  lowest  ten  vibrational  bands.  The  output  on  the  lowest  bands  (1-K)  and 
2->l)  is  necessary  to  start  the  absorption  process  in  cold  CO  (initially  at  300  K)  in  the  absorption 
cell.  The  lower  vibrational  states  of  CO  in  the  cell,  v<10,  are  populated  by  direct  resonance 
absorption  of  the  pump  laser  radiation  in  combination  wth  rapid  redistribution  of  population  by 
vibration-vibration  (V-V)  exchange  processes. 
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CO(v)  +  CO(m/)^CO(v  +  1)  +  CO(w-1),  v>w. 


(1) 


The  V-V  processes  then  continue  to  populate  higher  vibrational  levels,  up  to  v=40  [29,30],  which 
are  not  directly  coupled  to  the  laser  radiation.  The  large  heat  capacity  of  the  Ar  diluent,  as  well  as 
conductive  and  convective  cooling  of  the  gas  flow,  enables  sustaining  fairly  low 
translational/rotational  mode  temperatures  in  the  cell  (T=600-700  K).  However,  at  steady-state 
conditions,  the  average  vibrational  mode  energy  of  the  CO  corresponds  to  a  few  thousand 
degrees  Kelvin  [29,30],  Thus  a  strong  disequipartition  of  energy  can  be  maintained  in  the  cell, 
characterized  by  very  high  vibrational  mode  energy  and  a  low  translational/rotational  mode 
temperature.  As  shown  in  Fig.  1,  the  population  of  the  vibrational  states  of  CO  in  the  cell  is 
monitored  using  a  Biorad  FTS  175C  Fourier  transform  infrared  spectrometer  (FTIR),  which 
records  spontaneous  emission  from  the  CO  fiindamental,  first  and  second  overtone  bands 
through  a  CaF2  window  on  the  side  of  the  cell.  Figure  2  shows  CO  vibrational  level  populations 
inferred  from  these  spectra.  It  can  be  seen  that  very  high  vibrational  levels,  up  to  v~40,  are 
populated.  Analysis  of  the  rotationally  resolved  CO  emission  spectra  also  allowed  inference  of 
the  translational/rotational  temperature  in  the  test  section.  The  unfocused  CO  laser  beam,  ~7-8 
mm  diameter,  can  sustain  a  strongly  nonequilibrium  optically  pumped  gas  region  5-15  cm  long 
and  up  to  ~1  cm  diameter  (see  Figs.  3,4).  These  dimensions  are  estimated  from  the  size  of  the 
visible  blue  glow  of  the  C2  Swan  band  radiation,  which  is  strongly  coupled  with  the  high 
vibrational  level  populations  of  CO  [35]  (see  Figs.  3,4).  If  the  laser  beam  is  focused,  the  visible 
plasma  is  reduced  to  about  3-4  mm.  A  cylindrical  shape  plastic  purge  flushed  with  argon  (see 
Fig.  1)  has  been  used  to  prevent  strong  CO  laser  radiation  absorption  by  carbon  monoxide  in  the 
ceil  near  the  beam  entrance  window,  which  would  otherwise  lead  to  soot  deposit  on  the  window 
and  heat  it  up  to  high  temperatures. 

Ionization  of  highly  excited  CO  molecules  in  the  cell  occurs  by  the  associative  ionization 
mechanism,  in  collisions  of  two  highly  vibrationally  excited  molecules  when  the  sum  of  their 
vibrational  energies  exceeds  the  ionization  potential  [29,31-33], 

CO(v)  -h  CO(w)  iCO)l  +  e"  , 

E  +E  >E  . 

V  w  ion' 


Our  previous  studies  of  ionization  in  CO-Ar  optically  pumped  plasmas  [31]  showed  that  electron 
densities  up  to  ne=3  -10“  cm'^  can  be  sustained  at  P=100  torr  and  CO  laser  power  of  10-15  W. 

The  test  section  of  the  shock  tube  /  optical  absorption  cell  has  a  14-inch  gas  inlet  port  through 
which  the  gas  mixture  (CO-Ar-Oj)  enters  the  tube.  An  additional  14-inch  inlet  port  in  the  end 
flange  of  the  shock  tube  allows  argon  flow  into  the  purge  (see  Fig.  1).  By  changing  the  purge 
length  and  varying  the  argon  flow  rate  through  the  purge,  the  location  of  the  optically  pumped 
plasma  in  the  tube  can  be  controlled.  The  gas  exit  port  is  connected  to  a  vacuum  pump  through  a 
throttling  valve,  which  controls  the  mass  flow  rate  through  the  shock  tube  at  -100  seem,  which 
corresponds  to  a  flow  velocity  of  ~1  cm/sec  at  P~0.1  atm.  With  the  pump  valve  closed,  the  shock 
tube  assembly  has  a  leak  rate  of  about  0.1  torr/hr.  To  add  controlled  small  amounts  of  oxygen  to 
the  baseline  CO-Ar  gas  mixture  in  the  absorption  cell,  O2  was  diluted  in  argon  at  5%  level.  The 
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resultant  O'Jkr  mixture  has  been  added  to  the  shock  tube.  The  baseline  pressure  in  the  cell  was 
P=70  torr,  with  the  CO  partial  pressure  of  Pco=3.5  torr.  The  Oa/Ar  mixture  partial  pressure  was 
varied  in  the  range  0-3  torr.  The  reason  for  adding  oxygen  to  the  CO-Ar  optically  pumped 
plasma  is  that  our  previous  experiments  showed  that  small  amounts  of  O2  additive  (~0.1%) 
strongly  increase  the  electron  density  in  the  plasma  (by  a  factor  of 20-50)  [32].  At  the  same  time, 
previous  temperature  measurements  in  the  optically  pumped  plasmas  [33]  showed  that  adding 
such  small  amounts  of  O2  and  NO  did  not  result  in  significant  gas  temperature  changes. 

For  the  electron  density  measurements  in  the  optically  pumped  plasma,  the  CaF2  window  flanges 
at  the  ends  of  the  arms  of  the  absorption  cell  (see  Fig.  1)  are  replaced  by  a  pair  of  flanges  holding 
microwave  waveguides,  which  are  thus  placed  on  both  sides  of  the  cylindrically  shaped  plasma. 
The  electron  density  is  determined  from  the  relative  attenuation  of  a  20  GHz  microwave 
radiation  across  the  plasma.  The  average  electron  density  in  the  plasma  is  inferred  from  these 
measurements  using  the  following  relation  [31], 

mcSr.  SV  1 

SF  V  -V. 

where  Vcou  is  the  electron-neutral  collision  frequency,  - jg  the  relative 

V  V 

attenuation  factor  in  terms  of  the  forward  power  detector  voltage  proportional  to  the  incident  and 
the  transmitted  microwave  power,  and  d  is  the  diameter  of  the  ionized  region  produced  by  the 
unfocused  laser  beam.  The  microwave  attenuation  measurement  apparatus  is  described  in  greater 
detail  in  our  previous  publication  [32]. 


3.  Results  and  Discussion 

3.1  Temperature  measurements 

To  verify  that  the  CO-Ar  gas  mixture  temperature  in  the  test  section  of  the  shock  tube  /  optical 
absorption  cell  is  not  affected  by  addition  of  small  amounts  of  O2,  the  rotational  temperature  in 
several  optically  pumped  CO-Ar-02  gas  mixtures  has  been  measured  by  Fourier  transform 
infrared  emission  spectroscopy  at  0.25  cm‘^  resolution,  as  discussed  in  Section  2.  For  these 
measurements,  a  shorter  purge  has  been  used  so  that  the  optically  pumped  plasma  was  centered 
in  the  region  between  the  arms  in  the  test  section.  Figures  5  and  6  show  a  typical  rotationally 
resolved  CO  fundamental  emission  spectrum  and  the  Boltzmann  plots  obtained  from  such 
spectra,  respectively.  The  slope  of  the  Boltzmann  plot  in  the  spectral  region  not  affected  by  the 
self-absorption  of  the  CO  infrared  radiation  by  the  plasma  (i.e.  in  the  straight-line  region  in  Fig. 
6)  gives  the  rotational  temperature  of  the  gas  mixture.  As  one  can  see  from  Fig.  6,  adding  a  small 
amount  of  O2  (100  mtorr)  to  the  baseline  CO-Ar  mixture  at  P=70  tort  results  in  a  translational- 
rotational  temperature  rise  from  T=630  K  to  T=665  K,  or  by  about  5%.  Table  1  shows  the  results 
of  temperature  measurements  for  various  plasma  and  laser  conditions,  using  both  O2  and  NO  as 
additives.  One  can  see  that  adding  small  amounts  of  O2  or  NO  (up  to  0.1%)  to  the  optically 
pumped  CO-Ar  mixtures  results  in  a  weak  but  consistent  temperature  increase  by  3-5%.  The 
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absolute  error  of  these  temperature  measurements  is  ±10  K.  Note  these  the  emission 
spectroscopy  measurements  yield  the  gas  temperature  averaged  along  the  line  of  sight  over  a 
region  occupied  by  the  vibrationally  excited  CO  near  the  shock  tube  centerline  (~1  cm  diameter, 
see  Figs.  3,4).  For  comparison,  the  gas  temperature  near  the  shock  tube  walls  is  much  lower, 
only  slightly  exceeding  the  room  temperature  (the  tube  wall  is  warm  to  the  touch).  Therefore  the 
optically  pumped  plasma  creates  a  substantial  radial  temperature  gradient  in  the  shock  tube.  The 
insignificant  effect  of  the  O2  additive  on  the  gas  mixture  temperature  is  expected,  since  small 
amounts  of  oxygen  can  only  weakly  affect  the  CO  vibrational  energy  balance.  The  observed 
temperature  increase  is  mainly  due  to  the  faster  CO  vibrational  relaxation  rate  by  vibration- 
vibration  and  vibration-translation  energy  transfer  in  collisions  with  O2  molecules  [36].  Although 
the  actual  radial  temperature  distribution  in  these  experiments  is  not  measured,  it  is  also  very 
unlikely  to  be  affected  by  the  O2  additive  since  the  transport  coefficients  of  the  gas  mixture  are 
insensitive  to  such  small  changes  in  chemical  composition. 


Table  1.  Temperature  measurements  iu  C0-Ar-02  and  CO-Ar-NO  mixtures 


Laser 

Pco»  torr 

Pa«  torr 

Po2»  mtorr 

Pno»  mtorr 

T,K 

Unfocused 

3.5 

70 

0 

- 

630 

Unfocused 

3.5 

50 

- 

644 

Unfocused 

3.5 

100 

- 

665 

Focused 

3.0 

100 

0 

- 

607 

Focused 

3.0 

100 

75 

- 

627 

Focused 

3.0 

100 

- 

0 

611 

Focused 

3.0 

100 

- 

100 

640 

3,2  Electron  density  measurements 

Electron  density  in  the  optically  pumped  CO-Ar  plasmas,  with  and  without  O2  additive,  has  been 
measured  using  the  microwave  attenuation  technique  described  in  Section  2  (see  also  Ref  [32]). 
The  electron-neutral  collision  fi-equency  in  a  CO-Ar  mixture  at  P=70  torr  and  T=650 
Vcoip7-10*®  cmVsec  was  obtained  fi’om  the  Boltzmann  equation  solution  [31]  using  the 
experimental  cross-sections  of  elastic  and  inelastic  electron-molecule  collision  processes 
available  in  the  literature.  The  results  are  summarized  in  Table  2.  It  can  be  seen  that  adding  small 
amounts  of  oxygen  to  the  baseline  CO-Ar  mixture  results  in  a  significant  increase  of  the  average 
electron  density  in  the  plasma  (by  more  than  an  order  of  magnitude).  This  result  is  consistent 
with  the  previous  electron  density  measurements  in  optically  pumped  CO-Ar  and  CO-N2  plasmas 
with  O2  and  NO  additives  recently  conducted  in  our  group  [32],  Again,  these  measurements  give 
the  average  electron  density  in  the  optically  pumped  region  near  the  centerline  of  the  shock  tube, 
sustained  by  the  unfocused  CO  laser  beam  (see  Figs.  3,4).  fhe  accuracy  of  these  measurements, 
+25%,  is  primarily  determined  by  the  uncertainty  of  the  diameter  of  the  optically  pumped 
plasma,  d=8±2  mm  (see  Eq.  (1)).  Note  that  the  previous  measurements  [32]  also  demonstrated 
that  the  observed  electron  density  increase  occurs  in  spite  of  the  reduction  of  the  electron 
production  rate  in  the  presence  of  oxygen  or  nitric  oxide.  Qualitative  interpretation  of  this  effect. 
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consistent  with  the  previous  measurements  of  ion  composition  in  the  CO-Ar-02  glow  discharge 
plasmas  [37],  is  that  the  oxygen  additive  results  in  replacing  the  rapidly  recombining  cluster  ions 
of  the  general  form  Cn(CO)2^  n=l-12,  which  are  the  dominant  ions  in  the  CO-Ar  plasmas  [37], 
by  the  slowly  recombining  02*^  ions.  With  the  O2  additive  present,  the  ionization  fraction, 
ne=(0-6-0.8)10‘*  cm'^,  is  comparable  with  the  ionization  fraction  in  the  previous  experiments  on 
shock  wave  propagation  in  glow  discharge  plasmas  [12,13],  where  significant  shock  wave 
dispersion  has  been  observed.  Indeed,  for  the  glow  discharge  current  of  1=30  mA,  shock  tube 
diameter  of  D=5  cm  (current  density  of  j=1.5  mA/cm^),  gas  pressure  of  P=30  torr,  and  electric 
field  of  E=86  V/cm  [12],  the  average  electron  density  is  ne=j/ewdr=0.510“’  cm'^  and  the 
ionization  fraction  is  ne/N=1.010'*.  Here  we  assumed  the  average  gas  temperature  at  these 
conditions  to  be  T~600  K  and  the  electron  drift  velocity  in  argon  Wdr=210^  cm/s  at  E/N=210'^^ 
Vcml 


Table  2.  Electron  density  measurements  in  C0-Ar-02  mixtures 


Pco,  torr 

Pa«  torr 

Po2»  mtorr 

He,  Cm'^ 

Oe/N 

3.5 

70 

0 

0.6110^ 

0.56- 10'^ 

3.5 

70 

50 

0.9M0*® 

0.85-10'* 

3.5 

70 

100 

0.65-10‘" 

0.60- 10-* 

Summarizing  the  results  of  the  temperature  and  electron  density  measurements,  we  conclude  that 
adding  small  amounts  of  O2  to  the  optically  pumped  CO-Ar  plasmas  allows  significant  increase 
of  the  electron  density  in  the  plasma  (by  more  than  an  order  of  magnitude)  while  keeping  the  gas 
temperature  distribution  nearly  the  same  (within  3-5%).  Therefore,  comparison  of  the 
characteristics  of  shock  waves  propagating  in  the  CO-Ar  and  in  the  C0-Ar-02  plasmas  (in 
particular,  density  profile  across  the  shock)  would  allow  separation  of  the  temperature  gradient 
and  the  ionization  effects  on  the  shock  dispersion.  In  other  words,  if  any  difference  is  observed 
between  the  density  distributions  across  the  shock  in  these  two  cases,  it  would  be  due  to  the 
electron  density  increase.  On  the  other  hand,  absence  of  such  difference  would  demonstrate  that 
the  shock  dispersion  is  entirely  due  to  the  axial  and  radial  temperature  gradients  in  the  optically 
pumped  gas. 


3. 3  Shock  dispersion  measurements 

The  density  distribution  across  the  spark-generated  shock  waves  propagating  through  the 
optically  pumped  plasmas  has  been  measured  in  CO-Ar  plasmas,  with  and  without  O2  additive, 
using  the  PAD  diagnostics  described  in  Section  2.  As  discussed  in  Section  1,  the  primary 
objective  of  these  measurements  is  to  determine  whether  the  electron  density  variation  by  adding 
oxygen  to  the  plasma  (at  a  nearly  constant  gas  temperature)  affects  the  shock  dispersion  in  the 
plasma.  First,  we  compared  the  PAD  signals  from  the  shock  propagating  throu^  a  cold  non- 
ionized  gas  with  the  PAD  signal  from  the  shock  propagating  in  the  optically  pumped  CO-Ar 
plasma  sustained  by  an  unfocused  CO  laser  beam  at  two  different  pressures,  P=70  torr  and 
P=130  torr  (see  Figs.  7,8).  It  can  be  seen  that  in  both  cases  the  shock  in  the  plasma  is 
considerably  dispersed  and  weakened.  Such  weakening  and  spreading  of  the  PAD  signal  has 
previously  been  attributed  to  curvature  of  the  shock  front  [16,20],  The  shock  velocities  in  the 
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cold  non-ionized  gas  are  Us=388+5  m/s  and  Us=383±5  m/s  at  P=70  and  130  torr,  respectively, 
which  corresponds  to  the  test  section  shock  Mach  number  of  M=1.2.  The  shock  velocity  in  the 
optically  pumped  plasma  at  P=70  torr  increased  to  Us=434±7  m/s,  while  the  shock  velocity  in  the 
plasma  at  P=l30  torr  remained  nearly  the  same  as  in  the  non-ionized  gas,  Us=388+5  m/s.  The 
shock  propagation  velocity  in  the  plasma  increases  due  to  the  higher  temperature  on  the 
centerline  of  the  shock  tube  (see  Section  3.2).  On  the  other  hand,  strong  dispersion  reduces  the 
maximum  density  gradient  (i.e.  weakens  the  shock)  and  therefore  reduces  the  shock  propagation 
velocity.  Therefore  the  shock  speed  in  the  plasma  is  controlled  by  these  two  competing 
mechanisms.  The  shot-to-shot  shock  velocity  variation  did  not  exceed  2%.  At  P=70  torr,  the 
maximum  density  gradient  in  the  shock  propagating  in  the  plasma  decreased  and  the  shock 
dispersion  increased  by  up  to  a  factor  of  5,  compared  to  the  shock  propagating  in  the  cold  non- 
ionized  gas  (see  Fig.  7).  At  P=130  torr,  the  maximum  density  gradient  in  the  shock  propagating 
in  the  plasma  decreased  by  up  to  a  factor  of  2.5,  while  the  shock  dispersion  increased  by  up  to  a 
factor  of  5,  compared  to  the  shock  propagating  in  the  cold  non-ionized  gas  (see  Fig.  8).  In  both 
cases,  the  signal  from  the  PAD  detector  #2,  located  29.5  mm  downstream  from  detector  #1  (see 
Fig.  1),  shows  that  the  shock  propagating  in  the  plasma  becomes  weaker  and  more  dispersed 
compared  to  the  signal  from  detector  #1.  These  results  are  consistent  with  the  previous 
experiments  on  the  spark-generated  shock  wave  propagation  in  the  glow  discharge  plasmas  [12]. 

To  determine  whether  the  observed  shock  weakening  and  dispersion  are  due  to  the  non-uniform 
flow  heating  by  the  optically  pumped  plasma  or  due  to  the  presence  of  electron  and  ions  in  the 
flow,  we  conducted  a  series  of  shock  dispersion  measurements  in  CO-Ar-Oa  mixtures.  As 
discussed  in  Sections  3.1  and  3.2,  adding  up  to  0.1%  O2  to  the  baseline  CO-Ar  mixture  allows 
increase  of  electron  density  by  more  than  an  order  of  magnitude  without  changing  the  gas 
temperature.  Figures  9,  10  show  the  PAD  signals  from  shock  waves  propagating  in  the  optically 
pumped  CO-Ar  plasmas  and  CO-Ar-Oa  plasmas  (with  50  mtorr  oxygen),  at  P=70  and  130  torr. 
One  can  see  that  in  both  cases  the  density  gradient  distributions  across  the  shocks  are  nearly 
identical.  Increasing  the  oxygen  partial  pressure  up  to  100  mtorr  also  did  not  produce  any 
detectable  change  in  the  PAD  signals. 

Repeating  the  same  measurements  in  the  plasma  sustained  by  a  focused  laser  beam  produced 
essentially  the  same  results.  Under  no  conditions  did  the  increase  of  electron  density  by  adding 
the  oxygen  additive  produce  any  detectable  effect  on  the  density  distribution  across  the  shock. 
This  negative  result  is  consistent  and  repeatable  and  is  not  affected  by  the  shot-to-shot  variation. 
In  other  words,  these  results  suggest  that  the  electron  density  variation  does  not  have  any 
detectable  effect  on  the  density  distribution  across  the  shock  wave.  Therefore  we  conclude  that 
the  shock  weakening  and  dispersion  pre\dously  observed  in  nonequilibrium  glow  discharge 
plasmas  [12,13]  are  both  entirely  due  to  the  non-uniform  flow  heating  by  the  plasma. 


4.  Summary 

The  paper  discusses  experimental  studies  of  spark-generated  shock  wave  propagation  in  CO- 
laser  sustained  optically  pumped  CO-Ar-Oi  plasmas.  The  rotational-translational  temperature  in 
the  plasma  is  measured  by  Fourier  transform  infrared  emission  spectroscopy.  The  electron 
density  in  the  plasma  is  determined  by  microwave  attenuation.  The  density  distribution  across 
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the  shock  is  determined  by  photo-acoustic  deflection  (PAD).  The  measurements  show  that 
addition  of  up  to  0.1%  of  oxygen  to  the  baseline  optically  pumped  CO-Ar  plasmas  increases  the 
electron  density  and  the  ionization  fraction  by  more  than  an  order  of  magnitude,  while  the  gas 
temperature  remains  nearly  constant,  within  3-5%.  This  method  allows  varying  the  electron 
density  in  the  plasmas  nearly  independently  of  temperature.  The  PAD  measurements  show 
considerable  shock  wave  weakening  and  dispersion  in  the  optically  pumped  plasma  with  a  strong 
radial  temperature  gradient.  However,  varying  the  electron  density  at  nearly  constant  gas 
temperature  does  not  produce  any  measurable  effect  on  the  gas  density  distribution  across  the 
shock.  We  therefore  conclude  that  the  observed  shock  weakening  is  entirely  due  to  the  radial 
temperature  gradient  sustained  by  resonance  absorption  of  the  CO  laser  radiation  near  the 
centerline  of  the  shock  tube  and  it  is  not  affected  by  the  presence  of  the  charged  species  in  the 
plasma. 
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Figure  2.  Vibrational  distribution  functions  of  CO  in  different 
CO/Ar  mixtures.  P=100  Torr,  CO  laser  power  is  10  W. 


3 


Figure  3.  Photograph  of  the  optically  Figure  4.  Photograph  of  the  optically 

pumped  CO-Ar  plasma  at  P=70  torr  pumped  CO-Ar  plasma  at  P=130  torr 


Figure  5.  Typical  rotationally  resolved  CO  Figure  6.  Boltzmann  plots  used  for  the 

fundamental  emission  spectrum  in  a  CO-  rotational-translational  temperature 
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Figure  7.  PAD  signals  (density  gradient 
distributions)  in  a  cold  CO-Ar  mixture  and 
in  a  CO-Ar  optically  pumped  plasma  at 
P=70  torr. 


Figure  8.  PAD  signals  (density  gradient 
distributions)  in  a  cold  CO-Ar  mixture  and 
in  a  CO-Ar  optically  pumped  plasma  at 
P=130torr. 
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Figure  9.  PAD  signals  in  CO-Ar  and  in  CO- 
Ar-02  optically  pumped  plasma  at  P=70 
torr. 
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Figure  10.  PAD  signals  in  CO-Ar  and  in 
CO-Ar-02  optically  pumped  plasma  at 
P=130  torr. 
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2.  Two  and  Three  Dimensional  Steady  Shocks 


Studies  in  Supersonic  Nonequilibrium 
Plasma  Wind  Tunnels 


2.1  Experimental  Characterization  of  Shock  Dispersions  in  Weakly 
Ionized  Nonequilibrium  Plasmas 
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Abstract 

Experiments  have  been  conducted  to  investigate  possible  shock  weakening  in  a 
weakly  ionized  supersonic  gas  flows.  A  supersonic  flowing  afterglow  wind  tunnel  was 
used.  The  tunnel  produces  a  highly  nonequilibrium  flows  with  low  gas  kinetic 
temperatures.  The  tunnel  operating  characteristics  are  described.  Steady  supersonic  flows 
are  maintained  for  tens  of  seconds  to  complete  steady  state,  depending  on  plenum 
pressure.  Attached  shock  structure  on  the  nose  of  30"  wedges  with  and  without  ionization 
in  a  M=3  flow  was  studied.  No  significant  influence  of  ionization  on  the  shock  strength 
was  seen.  Ionization  fractions  (ne~10*“  cm'^,  ne/N-lO"*),  however,  were  at  the  lower  end 
of  the  range  in  which  shock  modifications  have  previously  been  reported.  Further  studies 
will  focus  on  flows  with  higher  electron  densities  and  over  a  range  of  Mach  numbers. 
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1.  Introduction 


Shock  wave  propagation  in  weakly  ionized  plasmas  (ratio  of  electron  to  gas 
density,  or  "ionization  fraction",  ne/N~10'*-10'®)  has  been  extensively  studied  for  the  last 
15  years,  mostly  in  Russia  [1-11],  and  recently  in  the  U  S.  [12,13].  The  following 
anomalous  effects  have  been  observed:  (i)  shock  acceleration;  (ii)  non-monotonic 
variation  of  flow  parameters  behind  the  shock  front;  (iii)  shock  weakening;  and  (iv) 
shock  wave  splitting  and  spreading.  These  effects  have  been  observed  in  discharges  in 
various  gases  (air,  CO2,  Ar)  at  pressures  of  3-30  Torr,  and  for  Mach  numbers  M~  1.5-4. 5. 
They  also  persist  for  a  long  time  after  the  discharge  is  off  (~1  ms  in  air  [2,9]). 

As  is  well  known,  shock  wave  acceleration  can  be  qualitatively  explained  by  gas 
heating  in  the  discharge  and/or  by  energy  relaxation  of  the  species  excited  in  a  discharge. 
A  number  of  one-dimensional  models  have  been  proposed  that  predict  acceleration  of  the 
shock  traveling  in  a  vibrationally  excited  gas  (e  g.  moist  nitrogen),  or  across  a 
temperature  gradient  [14-16].  Energy  relaxation  models  also  predict  non-monotonic 
variation  of  flow  parameters  behind  shocks  in  molecular  gas  plasmas.  However,  they  fail 
to  explain  why  these  effects  occur  in  monatomic  gases  such  as  argon,  where  much  less 
energy  is  stored  in  the  internal  degrees  of  freedom.  Further,  none  of  the  existing  models 
explain  effects  (iii)  and  (iv),  that  is,  anomalous  shock  absorption  and  dispersion.  In  the 
experiments  at  P=10-30  Torr,  the  shock  is  observed  to  split  into  a  series  of  two  or  more 
individual  shocks  at  ionization  fractions  as  low  as  ne/N~10'*  (see  Fig.  1,  [12]).  These 
individual  shocks  become  separated  by  tens  of  millimeters  at  ne/N-lO"^  (see  Fig.  2,  [9]). 

At  the  present  time,  no  consistent  theoretical  model  has  been  advanced  which 
explains  all  of  the  features  of  these  various  experiments.  If  the  level  of  plasma  heating 
and  the  magnitude  of  thermal  gradients  are  as  small  in  these  experiments  as  reported,  the 
plasma  shock  strength  reduction  is  a  strikingly  unexplained  result.  Global  gas  dynamic 
analysis  by  the  OSU  group  [17]  indicates  that  transport  of  energy  of  the  order  of  100 
W/cm^  across  the  shock  wave  would  be  required  to  achieve  the  reported  levels  of  shock 
wave  dispersion.  There  is  no  process  yet  identified  supplying  this  flux  for  any  of  the 
different  gas  species  used  in  the  experiments. 

A  major  complexity  with  previous  experiments  on  these  anomalous  shock 
weakening  and  dispersion  effects  has  been  that  the  experiments  use  short-duration  test 
facilities.  These  experiments  are  in  two  general  classes,  each  of  which  have  been  repeated 
in  the  U.S.  [12,13].  In  the  first  class,  a  shock  wave  is  propagated  into  a  previously 
ionized,  non-flowing  (or  very  slowly  flowing)  gas  [12].  This  is  essentially  a  shock  tube 
experiment  in  which  the  test  gases  have  been  pre-ionized,  usually  by  some  type  of  steady 
state  electric  discharge.  In  the  second  class,  a  model  (usually,  a  small  sphere)  is  projected 
at  supersonic  velocities  into,  again,  a  previously  ionized,  non-flowing  gas  [13].  This  is 
essentially  a  ballistic  range  experiment  in  which  the  test  gases  have  again  been  pre¬ 
ionized  by  a  steady-state  electric  discharge.  In  both  classes  of  experiment,  the  test 
duration  is  of  the  order  of  milliseconds,  and  the  shock  structure  must  be  observed  "on 
the  fly",  during  a  short  period  as  the  structure  passes  the  measurement  stations. 

A  second,  more  remediable  complexity  is  the  control  and  measurement  of  the 
thermodynamic  parameters  of  the  test  plasma.  Ideally,  the  preionized  test  plasma  should 
be  of  uniform  properties  throughout  the  spatial  and  temporal  domain  of  the  experiments. 
It  is  desirable  to  have  uniform  gas  temperature  (or  uniform  energy  distribution),  uniform 
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gas  pressure,  uniform  species  concentration,  and  uniform  electron  temperature  and 
density  throughout  the  test  region,  and  these  should  remain  constant  except  as  perturbed 
by  the  passing  shock  structure.  These  are  difficult  test  conditions  to  achieve  in  any  real 
electric  discharge  in  gases.  In  principle,  such  conditions  are  most  easily  achievable  in  a 
purely  thermal  plasma,  in  which  the  test  gas  is  heated  to  a  uniformly  high  temperature  at 
which  the  ionization  level  desired  is  merely  the  equilibrium  Saha  ionization  fraction. 
However,  without  exception,  all  the  experiments  for  which  shock  weakening  is  reported 
occur  in  a  nonequilibrium  plasma,  for  which  the  ionization  level  is  considerably  above 
that  provided  by  equilibrium  ionization.  It  even  more  difficult  to  guarantee  uniform 
properties  in  such  plasmas,  and  in  the  absence  of  equilibrium,  it  becomes  mandatory  to 
investigate  the  distribution  of  energy.  Improved  control  and  measurement  of  plasma 
properties  in  the  test  gas  is  needed. 

The  experiments  conducted  in  the  program  reported  here  represent  an  effort  to 
address  and  circumvent  the  complexities  noted  in  previous  experiments.  The  present 
experiments  are  conducted  in  a  new,  unique,  steady-state  supersonic  flow  facility,  with 
well-characterized,  near  uniform,  nonequilibrium  plasma  properties. 

2.  Experimental  Facility 

The  facility  being  used  here  is  a  recently-developed,  small-scale,  nonequilibrium 
plasma  wind  tunnel.  As  noted  above,  operation  is  effectively  steady-state,  in  contrast  to 
the  shock  tube  and  ballistic  range  studies  which  have  been  the  most  common  type  of 
previous  laboratory  investigations.  This  wind  tunnel  is  the  high-pressure- 
discharge/supersonic-flowing-afterglow  apparatus  of  Fig.  3.  The  figure  shows  an  overall 
schematic  (approximately  1/2  foil  size)  of  the  entire  system.  Flow  direction  is  indicated 
by  the  arrows.  The  upstream  "discharge"  section,  labeled  on  the  figure,  is  an 
aerodynamically-stabilized,  self-sustained  glow  discharge,  developed  and  patented  by 
one  of  the  OSU  group  and  co-workers  under  a  USAF  contract  for  use  in  gas  laser 
systems  [18-20].  With  this  simple  system,  it  is  possible  to  generate  diffose,  stable  glow 
discharges  in  pure  molecular  gases  (N2,  etc.)  to  pressures  of  at  least  2/3  atm.  (500  Torr), 
or  in  mixtures  of  these  gases  with  He,  which  improves  thermal  transport  in  the  positive 
column,  to  pressures  of  at  least  6  atm.  The  discharge  section  is  contained  by  a  quartz  tube 
of  rectangular  cross-section.  True  glow  discharge  conditions  exist  at  the  exit  of  the 
discharge,  which  forms  the  throat  of  the  downstream  supersonic  nozzle.  This  throat, 
again  of  rectangular  cross-section,  is  made  in  a  1/8  "  copper  flange,  which  also  forms  the 
downstream  electrode  of  the  discharge.  Conditions  of  the  gases  at  the  throat  exhibit  the 
marked  thermal  disequilibrium  characteristic  of  the  positive  column  of  a  molecular 
glow  discharge;  the  heavy  species  temperature  (the  translational/rotational  mode 
temperature)  is  cold  (-300  K  for  an  uncooled  discharge  tube),  the  energy  in  the 
vibrational  mode  is  high  (0.1  to  0.2  eV  per  diatomic  molecule),  the  electron  density  is 
~10*°cm'^,  and  the  average  electron  energy  is  in  the  1.0  eV  range. 

Downstream  of  the  discharge  section  is  the  supersonic  nozzle,  as  shown.  This  is 
a  two-dimensional  expansion,  the  planform  (expansion  plane)  being  shown.  The  nozzle  is 
made  of  transparent  acrylic  plastic,  which  allows  optical  access  to  the  expansion.  The 
nozzle  is  aerodynamically  contoured  to  provide  boundary  layer  relief  and  uniform 
supersonic  flow  in  the  test  section  at  a  supersonic  Mach  number  in  the  M  =  3  range,  for 
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the  tests  reported  here.  However,  fabrication  and  use  of  a  range  of  nozzles  with  varying 
expansion  ratios  and  test  section  lengths  is  strmghtforward  and  rapid.  The  system  is 
connected,  through  a  simple  channel  diffuser,  to  a  ballast  tank  pumped  by  a  several 
hundred  cfm  vacuum  pump.  Run  durations  for  the  M  =  3  case  of  approximately  one 
minute  are  attained;  longer  run  times  can  be  achieved  at  higher  operating  pressures, 
where  diffuser  recovery  increases. 

A  critical  feature  of  the  nozzle  operation  is  that,  for  the  test  gases  used,  electron- 
ion  recombination  is  sufficiently  slow  that  the  ionization  fraction  does  not  significantly 
decrease  in  the  expansion  into  the  test  section  of  the  tunnel.  As  a  specific  example,  we 
take  the  case  of  a  pure  N2  flow,  expanding  from  a  plenum  (discharge)  pressure  of  0.6 
atm.  The  entirely  dominant  electron  removal  mechanism  in  the  downstream  nozzle 
afterglow  will  be  dissociative  recombination  of  nitrogen,  with  a  rate  not  exceeding  ~10'^ 
cm^/sec  for  unexcited  nitrogen  [21].  In  this  case  of  a  pure  N2  flow,  the  recombination 
length  is  ~4  cm.  The  total  streamwise  length  in  which  the  ionization  fraction  does  not 
significantly  change  (ne(x)/ne(0)>l/e)  is  expected  to  be  longer  than  this  due  to  the 
decreasing  flow  density  (by  about  a  factor  of  4  at  M=2).  Inhibition  of  recombination  by 
vibrational  and  electronic  excitation  also  extends  this  length.  Addition  of  He  is  expected 
to  greatly  increase  the  effective  recombination  length  (up  to  an  order  of  magnitude)  for 
the  following  reasons; 

(i)  the  dominant  helium  ion  in  the  medium  and  high  pressure  plasmas  is  He2^  due  to  the 
fast  ion  conversion  process  He^  +  He  +  M  — >  He2^  +  M;  the  lifetime  of  He^  ion  with 
respect  to  the  conversion  is  ~1  jisec  at  P=100  torr  [21]; 

(ii)  dissociative  recombination  is  still  the  dominant  recombination  mechanism  in  weakly 
ionized  inert  gas  plasmas;  the  recombination  rate  for  He2^  is  ~10  *  cm^/sec  (an  order  of 
magnitude  smaller  than  for  N2^  [21]). 

Note  that  the  high  level  of  vibrational  excitation  existing  at  the  nozzle  entrance 
persists  throughout  the  nozzle  length,  for  flows  in  pure  N2.  The  vibrational  relaxation 
time  of  pure  N2  at  room  temperature  is  of  the  order  of  a  second  at  atmospheric  pressure; 
at  the  reduced  pressures  and  temperatures  in  the  expansion,  these  times  are  even  longer 
[22],  The  nitrogen  vibrational  mode  energy  content  is  essentially  frozen  at  the  throat 
values.  In  order  to  vary  the  N2  vibrational  energy  content.  He  can  be  added  in  the 
discharge;  the  system  can  be  run  stably  even  with  several  atmospheres  of  added  He.  By 
this  means,  it  will  be  possible  to  quench  N2  vibrationally  excited  metastables  entirely  in 
the  expansion,  if  desired.  Regardless  of  the  ratio  of  He  to  the  diatomics,  the  free  electron 
energies  are  controlled  by  the  close  coupling  of  the  electrons  with  the  N2  vibrational 
mode.  Detailed  modelling  and  predictive  studies  of  such  flows  have  been  the  subject  of 
very  recent  work  by  the  OSU  group  [23]  Results  of  modeling  calculations  for  the  tunnel 
conditions  of  the  present  tests  are  presented  in  Appendix  I. 

Summarizing,  the  system  is,  in  effect,  a  small  supersonic  wind  tunnel,  but  with  a 
critical  difference.  An  electric  discharge  forms  the  high  pressure  plenum  for  an, 
otherwise,  conventional  supersonic  nozzle  expansion  section.  However,  this  is  not  an  arc- 
heated  tunnel.  The  electric  discharge  is  a  diffuse,  glow  discharge,  achieving  an  extreme 
non-thermal  (nonequilibrium)  gas  state  in  the  tunnel  plenum.  This  state  is  characterized 
by  high  energy  content  in  internal  molecular  energy  modes,  principally  the  vibrational 
mode  of  the  nitrogen  gas,  and  a  quite  low  rotational/translational  mode  temperature.  On 
the  other  hand,  the  average  energy  of  the  free  electrons  is  rather  high,  of  0[1  eV];  if  the 
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electron  gas  were  in  equilibrium,  this  would  correspond  to  an  electron  temperature  of 
O[10'‘  K].  Although  the  electrical  power  into  the  discharge  is  rather  high,  ~  500  W  per 
cm^  of  discharge  volume,  greater  than  90%  of  this  input  electrical  power  goes  into  the 
vibrational  mode  of  the  test  gases.  In  contrast  to  an  electric  arc,  very  little  of  the  power 
goes  directly  to  gas  heating.  Indeed,  the  walls  of  the  tunnel  are  made  of  transparent 
acrylic  plastic  ("Lucite").  We  are  using  the  type  of  diffuse  glow  discharge  commonly 
used  to  excite  infrared  molecular  lasers,  such  as  the  well-known  N2/CO2  and  CO  lasers. 
Usually,  however,  such  glow  discharge  operation  is  maintained  at  small  fractions  of 
atmospheric  pressure.  Here,  the  aerodynamic  stabilization  technique  employed  inhibits 
glow-to-arc  transition  in  the  discharge,  and  permits  stable  glow  discharge  operation  at 
atmospheric  pressures.  Operation  at  such  relatively  high  plenum  pressures  creates  a 
supersonic  flow,  of  reasonable  quality,  in  the  test  section  of  the  tunnel.  As  we  will  show, 
the  flow  in  the  test  section  is  t5q)ically  ~  75%  inviscid  core.  We  produce  a  uniform, 
supersonic  gas  flow,  with  a  weak  level  of  ionization,  with  low  translational/rotational 
mode  temperatures.  Test  section  pressures  are  of  the  order  of  10  Torr.  This  is  quite 
close  to  the  environments  for  which  anomalous  shock  weakening  effects  are  reported  in 
[1-13].  We  note,  however,  that  the  previous  experiments  cover  a  rather  wide  range  of 
conditions,  and,  in  many  of  the  results,  all  details  of  the  plasma  parameters  were  not 
measured  or  were  incompletely  reported.  In  the  present  facility,  the  plasma/gas 
parameters  are  well  characterized  and  controlled. 

For  the  shock  dispersion/weakening  studies  reported  here,  a  wedge  is  inserted 
into  the  supersonic  ionized  flow  as  shown  in  Fig.  3.  With  this  system,  the  effects  of 
nonequilibrium  plasmas  on  the  structure  and  stability  of  the  resultant  oblique  shock, 
attached  to  the  nose  of  the  wedge,  can  be  studied  in  detail,  in  a  steady  and  well-controlled 
plasma  environment.  The  basic  plan  of  the  experiments  is  to  measure  the  angle  of  the 
oblique  shock  attached  to  the  wedge,  under  both  discharge-on  and  discharge-off 
conditions.  It  has  been  reported  that  the  effect  of  the  plasma  is  to  weaken  the  shock.  This 
gives  an  effect  on  the  shock  angle  similar  to  raising  the  gas  temperature,  i.e.,  the  apparent 
Mach  number  of  the  shock  is  reduced.  Fig.  4  shows  a  standard  shock  polar  for  a 
diatomic  gas  (ratio  of  specific  heats,  y,  =  1.4).  Note  that  for  a  30°  total  angle  wedge  (15° 
flow  deflection  angle),  a  reduction  in  the  apparent  shock  Mach  number  from  M  =  3  to  M 
=  2  would  create  a  change  in  the  shock  wave  angle  of  more  than  15°.  Changes  of  this 
magnitude,  between  the  plama-off  and  the  plasma-on  conditions,  would  be  readily 
detectable  in  the  present  system. 

3.  Diagnostics 

Diagnostic  measurements  are  feirly  straightforward,  due  principally  to  the  steady- 
state  nature  of  the  experiment. 

3.1  Static  Pressure  Measurements 

Pressure  is  measured  at  a  variety  of  locations  in  the  tunnel  using  static  wall  taps 
connected  to  capacitance  manometers  (MKS  "Baratron”).  Fig.  5  shows  the  location  of 
the  pressure  measurement  taps  on  one  of  the  most  throughly  instrumented  nozzles  used 
in  the  present  experiments.  As  shown,  pressure  is  measured  at  the  following  locations; 
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a)  In  the  delivery  line  to  the  discharge,  upstream  of  the  gas  injector  for  the 
discharge.  For  optimum  operation  of  the  aerodynamically  stabilized  discharge,  the  flow 
through  the  injector,  into  the  discharge,  should  be  choked.  For  this,  the  pressure  upstream 
of  the  injector  should  be  approximately  double  the  discharge  pressure.  For  this  reason, 
the  delivery  line  pressure  was  usually  measured  for  all  runs. 

b)  Discharge  pressure.  This  was  measured  by  a  wall  tap  on  the  upstream  face  of 
the  discharge  section,  and,  again,  was  measured  for  all  runs. 

c)  Static  pressure  along  the  nozzle,  in  the  test  section,  and  at  the  diffuser  entrance. 
As  shown,  pressure  is  measured  at  three  axial  locations  along  the  nozzle  expansion,  in  the 
test  section,  and  at  the  entrance  to  the  diffuser.  In  addition  to  all  these  axial 
measurements,  at  the  end  of  the  nozzle,  two  additional  taps  measured  the  transverse 
pressure  distribution. 

Not  all  of  these  measurement  stations  were  used  for  all  of  the  experiments,  as 
some  of  the  pressure  taps  interfered  with  electron  density  measurements,  with  flow 
visualization  studies,  or  with  schlieren  measurements  of  the  shock  angle.  In  addition,  the 
tap  in  the  middle  of  the  test  section  is  blocked  by  the  model  (the  wedge)  during  shock 
angle  measurements.  However,  the  ease  of  fabrication  of  the  plastic  flow  charmels 
allows  several  test  sections,  of  identical  contours,  to  be  used,  with  the  number  of  taps 
varying  depending  on  the  other  measurements  planned.  The  experimental  protocol  is  to 
fully  characterize  the  flow  pressure  distribution  using  a  channel  with  all  the  taps  as  shown 
in  Fig.  5.  In  subsequent  tests,  pressure  is  always  measured  upstream  of  the  injector,  in 
the  discharge,  and  at  one  location  in  the  flow  channel.  These  are  sufficient  to  establish 
that  the  subsequent  tests  are  replicating  the  static  pressure  conditions  of  the  more 
complete  measurement  series. 

3.2.  Discharge  Voltage  and  Current. 

The  discharge  is  powered  by  a  regulated,  current-limited,  50kV/50mA  d.c.  supply 
(Del  Corp.  Model  No.  RHVS  50-2500).  The  discharge  power  circuit  is  ballasted  by  400 
KQ  resistance  in  series  with  the  discharge  load.  Voltage  and  current  are  read  from  the 
meters  in  the  power  supply. 

3.3  Electron  Density 

For  the  measurement  of  electron  density  in  the  supersonic  afterglow,  the  nozzle  is 
equipped  with  with  pairs  of  transverse  strip  electrodes,  placed  flush  in  the  nozzle  walls. 
These  electrodes  are  in  effect  probes,  which  can  be  used  to  infer  the  electron  density  in 
non-self-sustained  discharges,  such  as  the  present  flowing  afterglow.  The  theory  of  such 
probes  (Thomson  discharges  [24])  is  given  a  previous  paper  from  the  Nonequilibrium 
Thermodynamics  Laboratory,  where  their  use  for  associative  ionization  studies  was 
reported  [25].  Using  this  technique,  the  electrons  can  be  almost  completely  removed 
from  the  flow  by  applied  small  d.c.  potentials  across  the  electrodes.  As  shown  in  [25],  the 
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electron  concentration  can  be  inferred  from  the  measured  current  and  saturation  voltage. 
With  this  technique,  it  is  also  possible  to  vary  the  electron  concentration  in  the  test 
section  without  changing  any  of  the  plenum  discharge  parameters. 

3.4.  Shock  Angle 

A  conventional  schlieren  system  is  used  to  visualize  the  oblique  shocks  attached 
to  the  nose  of  the  wedge  model.  A  schematic  of  the  system  is  shown  in  Fig.  6.  Shock 
pictures  are  recorded  with  a  framing  camera  as  shown  on  the  schematic.  With  this 
system,  quite  good  shock  visualization  is  obtained  for  runs  in  air  or  nitrogen  with  plenum 
pressures  in  the  range  0.6  atm  <  Po  <  1.0  atm.  Fig.  7  shows  a  typical  schlieren  picture  of 
the  shock  pattern  on  a  30“  total  angle  wedge  in  the  tunnel,  operating  at  M  =  3.0  and  Po  = 
2/3  atm  of  pure  N2. 

3.5.  Flow  Visualization 

The  discharge  section  is  made  of  quartz  glass,  and  the  nozzle,  the  test  section,  and 
the  diffuser  are  made  of  acrylic  plastic.  The  walls  of  the  entire  tunnel  are  therefore 
transparent,  except  for  where  there  is  some  blocking  by  electrodes  or  pressure  tap  fittings. 
This  transparency,  combined  with  the  large  energy  storage  and  subsequent  light  emission 
by  the  internal  modes  of  nitrogen  in  the  flow,  provides  a  unique  flow  visualization.  The 
long  radiative  lifetime  of  the  nitrogen  metastables  creates  a  fluorescence  that  persists 
throughout  the  length  of  the  flow  channel.  This  is  displayed  in  the  photograph  of  Fig.  8, 
which  shows  the  tunnel  in  operation  in  nitrogen.  The  nozzle,  test  section,  and  diffuser  are 
filled  with  the  nitrogen  afterglow,  arising  primarily  from  the  well-known  1st  Positive 
nitrogen  bands.  The  radiating  N2  electronic  states  are  primarily  the  N2  B  ^11.  The  actual 
fraction  of  flow  enthalpy  lost  through  this  radiation  is  quite  small;  most  of  the  flow 
internal  energy  is  essentially  frozen  in  the  vibrational  mode.  As  can  be  seen  from  Fig.  8, 
radiation  is  more  intense  from  the  slower,  higher  density  flow  regions  in  the  discharge 
wid  upstream  in  the  nozzle  throat,  and  is  relatively  uniform  from  the  steady  inviscid  core 
flow  in  the  test  section  and  diffiiser  sections.  Regions  of  flow  separation  and  stagnation, 
in  which  molecular  internal  energy  is  quenched,  do  not  fluoresce. 

4.  Test  Results 

4.1.  Gas  Dynamic  Performance 

Extensive  gas  dynamic  tests  were  conducted  to  determine  the  extent  and  duration 
of  the  supersonic  test  flows  that  could  be  achieved  in  the  tunnel.  All  tests  to-date  have 
been  conducted  in  a  nozzle  with  the  planform  dimensions  shown  in  Fig.  5.  As  shown  in 
the  figure,  the  channel  is  essentially  two-dimensional,  of  rectangular  cross-section. 
However,  the  top  and  bottom  surfaces  of  the  channel  diverge  slightly,  to  allow  for 
boundary  layer  displacement;  this  feature  is  shown  on  the  side  view  on  Fig.  5.  The  initial 
gas  dynamic  tests  were  performed  with  the  top  and  bottom  channel  separation  varying 
from  0.3  cm  at  the  throat  to  1.0  cm  at  the  diffuser  exit,  as  dimensioned  in  the  figure.  The 
tunnel  was  operated  with  dry  air  or  nitrogen,  expanded  from  Po  =  1  atm.  plenum 
conditions,  with  the  electric  discharge  turned  off.  For  these  conditions,  steady  flows  of 
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approximately  1  minute  duration  were  maintained.  The  static  pressures,  Pi,  measured 
during  such  a  test  are  recorded  on  Fig.  5,  next  to  the  correspondingly  numbered  (i) 
measurement  tap.  Shown  immediately  below  the  pressure  reading  is  the  effective  Mach 
number  of  the  flow  at  that  tap  location,  inferred  from  the  measured  pressure  ratio  Po/Pi 
and  the  standard  isentropic  relation: 

Po/Pi  =  [1  + 

It  can  be  seen  that  the  flow  accelerates  to  M  =  3.8  at  the  entrance  to  the  test  section.  Flow 
is  supersonic  and  reasonably  constant  across  most  of  the  channel  at  this  location.  As 
indicated  by  the  transverse  pressure  readings  at  taps  3  and  5,  flow  is  slightly  slower 
nearer  the  walls,  at  the  beginning  of  the  actual  boundary  layer.  At  the  diffuser  entrance, 
there  is  already  a  separation  shock  pattern  decelerating  the  flow,  and  the  pressure  begins 
to  rise  (tap  6).  The  most  downstream  measurement,  at  tap  7,  near  the  diffuser  outlet,  gives 
an  indication  of  the  very  moderate  recovery  afforded  by  the  simple  diffuser  geometry 
for  such  a  relatively  low  density  expansion.  The  pressure  at  the  diffuser  exit  is  P?  =  23.3 
Torr,  giving  a  recovery  factor  of  only  P7/P6  =  .03.  When  the  pressure  in  the  dump  tank, 
downstream  of  the  diffuser,  is  allowed  to  rise  to  values  exceeding  P7,  a  separation  shock 
pattern  moves  up  the  diffuser  into  the  test  section,' eventually  ending  the  supersonic  flow. 
This  behavior  is  shown  in  Fig.  9,  which  plots  the  static  pressure  at  the  entrance  to  the  test 
section,  P4,  as  a  function  of  time  during  a  run  when  the  ballast  tank  pump  was  valved  off, 
and  the  back  pressure  allowed  to  rise  as  the  tank  filled.  It  can  be  seen  that,  after  starting,  a 
steady,  M  =  3.8  supersonic  flow  corresponding  to  P4  =  6.2  Torr  is  maintained  for  almost 
60  seconds.  After  this,  pressure  rises  continously  at  this  station.  This  rise  is  created  by  an 
oblique-shock  separation  pattern,  originating  on  the  tunnel  walls,  moving  up  into  the 
nozzle,  and  rapidly  decreasing  the  extent  of  the  inviscid  supersonic  core. 

The  planar  (2-D)  nozzle  expansion  contours  were  designed  for  M  =  3  supersonic 
operation  in  the  test  section.  The  tests  reviewed  above,  showing  an  M  =  3.8  test  section 
Mach  number,  indicate  that  the  divergence  of  the  top  and  bottom  sections,  as  shown  in 
Fig.  5,  is  an  over-correction  for  boundary  layer  growth.  The  higher-than-design  Mach 
number  is  created  by  some  expansion  of  the  core  flow  in  the  vertical  direction. 
Accordingly,  subsequent  tests  in  the  program  were  conducted  with  the  nozzle  top  and 
bottom  divergence  slightly  modified  from  that  shown  in  the  figure.  In  all  subsequent 
tests,  dimensions  and  contour  are  the  same  as  shown  in  Fig.  5,  with  the  single  exception 
that  the  height  of  the  channel  at  the  diffuser  exit  was  0.65  cm,  rather  than  the  1.02  cm 
value  shown.  With  this  modification,  static  pressure  at  the  test  section  corresponded  to  M 
^  3  operation;  overall  operation  and  relative  pressure  distribution  was  otherwise  similar 
to  that  observed  previously. 

The  measured  gas  dynamic  performance  of  the  tunnel  is  strikingly  confirmed  by 
model  calculations  for  a  nitrogen  flow,  performed  using  the  OSU  compressible  two- 
dimensional  Navier-Stokes  code.  The  calculations  have  been  made  for  nitrogen  with 
stagnation  parameters  Po=l  atm  and  To=300  K.  The  nozzle  contour  and  dimensions  used 
in  the  calculations  are  those  of  Fig.  5.  Some  of  the  results  of  the  model  calculation  are 
shown  in  Figures  10-12.  Figures  10  and  11  show  the  centerline  Mach  number  distribution 
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and  the  flow  velocity  profile  at  the  end  of  the  nozzle  expansion  (in  front  of  the  wedge 
placed  in  the  test  section).  One  can  see  that  the  flow  in  the  test  section  reaches  M=3, 
which  is  in  good  agreement  with  the  Mach  number  values  determined  by  the  static 
pressure  measurements  and  by  subsequent,  schlieren,  oblique  shock  angle  measurements 
(section  4.4  below).  Also,  about  80%  of  the  flow  is  the  inviscid  core  (Fig.  1 1).  This  is  in 
quite  reasonable  agreement  with  the  transverse  pressure  measurements  made  in  the 
tunnel.The  boundary  layer  is  relatively  large  in  the  low  density  tunnel,  but  most  of  the 
test  flow  is  essentially  inviscid.  Figure  12  shows  the  Mach  number  contour  plot  and  the 
oblique  shock  attached  to  the  model  in  the  test  section.  Again,  these  correspond  well  with 
schlieren  (sect.  4.4)  and  flow  visualization  (sect.  4.5)  measurements. 

4.2  Electric  Discharge  Performance 

The  electric  discharge  section  is  small,  its  walls  formed  by  a  contoured  quartz 
tube  of  rectangular  cross  section,  with  dimensions  approximately  1  x  1  cm  at  the  (larger) 
upstream  end.  The  effective  length,  from  the  upstream  injector/anode  end  to  the 
downstream  nozzle-throat/cathode  end,  is  2  cm.  Details  of  the  design  and  operational 
characteristics  of  discharge  tubes  of  this  type  are  given  in  [18  -  20],  Basically,  the 
aerodynamic  stabilization  technique  involves  injecting  the  entire  gas  flow  into  the 
discharge  through  small  slots  on  the  top  and  bottom  walls  of  the  discharge  tube.  Small 
copper  strips  flush  with  the  slot  edges  form  the  anode.  Flow  through  the  slots  is  choked, 
so  that  gas  velocity  past  the  anode  is  sonic,  and  gas  density  is  relatively  high. 
Immediately  after  the  slot,  the  gases  expand  (subsonicly)  into  the  discharge  tube,  and 
flow  through  the  discharge  at  lower  velocities.  This  design  insures  a  high  speed, 
relatively  dense,  gas  flow  across  the  face  of  the  anode.  This  flow  is  transverse  to  the 
Current  direction.  Incipient  arc  filaments,  regions  of  higher  temperature  and  lower 
density  which  could  coalesce  into  arc  breakdown,  are  convectively  dissipated  by  this 
transverse  flow.  This  technique,  combined  with  current  limiters  in  the  power  supply, 
inhibits  arc  formation  and  subsequent  glow-to-arc  contraction  in  the  discharge.  It 
becomes  possible  to  run  a  diffuse  glow  discharge  at  very  high  pressures.  While 
conventional  glow  discharge  tubes  in  pure  molecular  nitrogen  will  collapse  into  an  arc  at 
pressures  of  a  few  tens  of  Torr,  the  present  device  will  maintain  a  true  glow  at  pressures 
of  an  atmosphere. 

The  above  features  are  observed  when  operating  the  discharge.  With  pure  N2  in 
the  tube,  at  pressures  of  2/3  atm,  a  substantial  voltage  (~30  kV)  must  be  applied  across 
the  electrodes  to  strike  the  discharge.  When  this  voltage  is  applied,  however,  essentially 
all  of  the  discharge  section  is  filled  with  the  positive  column  of  the  glow.  The  glow  is 
uniform,  with  uniform  emission  intensity.  Current  can  be  increased  to  20  mA  and  this 
stable,  uniform  discharge  can  still  be  maintained.  At  this  level,  the  applied  voltage  is  34 
kV,  and  the  input  power  to  the  discharge  is  680  W.  This  is  a  power  loading  into  the 
discharge  tube  of  ~500  W/cm^.  If  current  is  increased  beyond  the  20  mA  level,  incipient 
arc  filaments  are  observed,  forming  and  extinguishing.  Persistence  in  increasing  the 
current  to  even  slightly  higher  levels  results  in  contraction  of  the  discharge  into  a  single, 
narrow,  very  bright,  true  arc.  The  device  is  not  generally  run  to  this  limit  (at  least,  not 
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intentionally!),  since  the  action  of  the  arc,  specifically  the  gas  heating  and  the  rapid 
erosion  of  the  electrodes,  can  cause  severe  damage. 

The  kinetics,  the  extreme  nonequilibrium  distribution  of  internal  energy,  and  the 
electron  physics  of  such  a  glow  are  very  well-known  and  understood.  Calculations  for  the 
coupled  electron  energy  distribution  and  the  vibrational  states  have  been  existing  since 
the  development  of  electrically  excited  molecular  gas  lasers.  Fig.  13  shows  the  standard 
result  for  such  a  discharge  as  given  by  Raizer  [21];  the  OSU  modeling  code  is  essentially 
identical.  What  is  plotted  is  the  fraction  of  the  discharge  input  power  going  into  the 
various  modes  of  the  flowing  gas,  as  functions  of  E/N,  the  ratio  of  the  applied  d.c. 
electric  field  in  the  discharge  to  the  total  gas  number  density.  The  E/N  operating  point  for 
the  experimental  conditions  described  in  the  preceding  paragraph  is  indicated  on  the 
figure  (E/N  =  4.3  x  10'^^  V  cm^).  It  can  be  seen  that  at  this  E/N,  >  95  %  of  the  input 
electrical  power  is  going  into  the  vibrational  mode  of  the  N2.  The  very  small  remaining 
fraction  of  the  input  power  goes  into  creating  ionization,  rotational/translational  heating, 
and  electronic  state  excitation.  Indeed,  the  electron  density  created  in  the  discharge  is 
rather  small.  The  electron  density  is  inferred  with  fair  accuracy  from  the  measured 
discharge  voltage,  current,  and  pressure.  The  electric  field,  E,  is  determined  as  the  ratio  of 
the  applied  voltage  to  the  electrode  separation.  Since  gas  translational  mode  heating  is 
negligible,  gas  number  density,  N,  is  determined  fi'om  the  measured  discharge  pressure 
and  the  ideal  gas  law  for  300  "K  gas.  For  this  E/N  operating  point,  the  electron  drift 
velocity,  vj,  is  known  from  these  standard  modeling  calculations  to  be  ~  5  x  10^  cm/sec. 
With  the  drift  velocity  known,  and  with  the  measured  current,  I,  electron  density,  iie,  is 
inferred  from  the  usual  relation: 

ne  =  1/  eAvd, 


where  e  is  the  electron  charge  and  A  is  the  discharge  cross-sectional  area.  For  the 
conditions  stated  above,  this  gives  ne »  6  x  10^“  cm'^,  and  the  ionization  fraction,  ne/N,  is 
4  X  10'®.  This  electron  density  is  typical  for  glow  discharges;  the  rather  low  ionization 
fraction  reflects  the  unusually  high  operating  pressure  of  the  electric  discharge. 

4.3  Electron  Density 

As  described  in  Sect.  3.3,  transverse  wall  electrodes  were  placed  in  the  supersonic 
nozzle.  A  small  regulated  d.c.  power  supply  (photomultiplier  supply)  was  used  to  bias 
these  electrodes,  and  the  voltage-current  characteristic  of  these  probes  was  measured.  Fig. 
14  shows  a  typical  voltage-current  characteristic  from  a  probe  located  at  the  M  =  3  station 
at  the  beginning  of  the  test  section.  For  these  tests,  plenum  gases  were  again  2/3  atm  of 
N2,  with,  in  this  case,  some  added  He  (~l/3  atm).  Note  that,  as  is  typical  of  electrostatic 
probes,  current  (18  pA)  can  be  drawn  at  zero  applied  voltage;  negative  bias  can  be 
applied  to  null  out  this  current  and  thereby  determine  the  plasma  potential.  Notice  that  the 
current  increases  slowly  with  increasing  bias,  and  almost  saturates  near  300  -  400  V.  In 
this  (near-saturation)  region,  most  of  the  free  electrons  are  being  drawn  by  the  probe 
electrodes,  and  local  electron  density  can  be  inferred  from  this  saturation  voltage  and 
corresponding  current,  using  the  Thomson  discharge  theory  [25],  The  electron  density 


11 


inferred  from  these  probe  measurements  is  reasonable  consistent  with  the  upstream  Ue 
values  inferred  at  the  plenum,  and  with  the  known  recombination  rates  for  the  N2  plasma. 
For  the  pure  N2  flows,  with  Po  =  2/3  atm,  n*  =  2  x  10^  cm'^  in  the  M  =  3  test  section,  and 
ne/N  =  2  X  10'^  at  that  location. 

The  near-saturation  voltage,  ~  350  V,  is  well  below  breakdown  for  the  gas 
density  and  electrode  separation  at  this  point  in  the  nozzle.  When  the  plenum  discharge  in 
turned  off,  no  current  is  drawn  through  the  probe  at  this  voltage  nor  at  any  lower  bias.  To 
draw  current  through  the  probe  electrodes  without  the  flow  between  them  preionized  by 
the  upstream  plenum  discharge,  much  higher  voltages  must  be  applied,  creating 
breakdown.  However,  if  this  is  done,  the  resultant  discharge  is  a  very  unstable,  spatially 
inhomogeneous  transverse  affair,  giving  primarily  local  arcs  through  the  boundary  layer. 
However,  if,  for  the  case  with  the  plenum  discharge  on,  the  voltage  on  the  probe  is 
increased  beyond  the  near-saturation  region,  a  much  different  behavior  is  seen.  With 
voltages  beyond  the  near-saturation  region,  the  current  begins  to  rise  rapidly  (Fig.  14). 
Fig.  15  shows  the  extended  voltage  characteristic,  with  the  applied  voltage  extending  to 
almost  2  kV  across  the  small  channel  height  (0.5  cm).  At  the  higher  voltages  here,  we  are 
well  beyond  breakdown  E/N  for  an  unionized  gas.  However,  we  appear  to  be  driving  a 
quite  uniform  transverse  discharge  across  an  M=3  flow  channel.  At  these  high  voltages 
and  transverse  currents,  we  clearly  appear  to  have  discharge  ignition,  but  with  a  uniform 
transverse  current  distribution  in  the  channel.  Visual  observation  shows  an  increasing 
local  luminosity  between  the  probe  electrodes,  evenly  distributed  across  the  inviscid  core 
flow  in  the  channel,  but  not  extending  into  the  boundary  layer  regions  near  the  walls. 
This  luminosity  increases  with  the  current.  Only  beyond  the  highest  values  recorded, 
0.14  mA  at  1.9  kV,  did  transverse  arc  filaments  began  to  appear.  The  voltages  were  not 
increased  much  beyond  this  point. 

4.4  Shock  Angle  and  Shock  Dispersion  Tests 

For  study  of  the  possible  shock  dispersion/weakening  by  the  ionization  of 
the  supersonic  flow,  a  30*^  totad  angle  wedge  was  placed  in  the  test  section.  The  wedge 
extends  from  the  top  to  the  bottom  wall  of  the  flow  channel,  i.e.,  this  reasonably 
approximates  a  two-dimension  flow.  The  leading  edge  of  the  wedge  is  0.3  cm 
downstream  of  the  end  of  the  nozzle  section,  i.e.,  0.3  cm  downstream  of  position  4  in 
Fig.  5.  The  wedge  extends  for  2  cm  in  the  downstream  direction,  forming  an  isosceles 
triangular  planform  with  apex  pointing  upstream.  The  schlieren  system  described  in 
Sect.  3.4  is  used  to  visualize  the  oblique  shock  attached  to  the  leading  edge  of  the 
wedge.  Fig.  7  shows  a  typical  schlieren  image  of  the  shock,  again  for  the  Po  =  2/3  atm  of 
pure  N2,  M  =  3  test  conditions.  The  wedge  planform  and  the  quite  straight  oblique  shock 
on  either  side  of  the  nose  can  be  seen.  The  total  shock  angle,  of  approximately  65®, 
implies  a  flow  Mach  number  of  3.1,  which  is  entire  consistent  with  the  measured 
pressure  ratio  at  the  test  station,  as  well  as  with  the  predictions  of  the  Navier-Stokes 
modeling  code. 

With  this  model,  and  for  these  flow  conditions,  an  extensive  series  of  test  runs 
were  performed  to  investigate  the  possible  weakening  or  dispersion  of  the  shock  by  the 
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effect  of  ionization  in  the  test  flow.  The  test  procedure  for  these  runs  was  to  initiate  the 
flow  in  the  tunnel,  confirm  steady  state  conditions  by  static  pressure  measurements,  and 
to  record  the  shock  schlieren  picture  over  several  seconds  and  several  frames,  with  the 
electric  discharge  in  the  plenum  off.  After  this,  at  several  seconds  into  the  run,  the 
plenum  electric  discharge  was  struck,  with  voltage  and  current  set  to  pre-selected  values. 
The  tunnel  operation  was  continued  for  several  more  seconds  and  the  shock  schlieren 
pictures  were  again  recorded  for  several  frames.  Finally,  in  the  same  run,  the  discharge 
was  turned  off,  and  the  shock  schlieren  pictures  again  recorded  for  several  frames. 
During  the  entire  run,  the  pressures  were  monitored  to  insure  that  steady  supersonic  flow 
was  being  maintained  throughout  the  test  duration,  and  that  back  pressure  did  not  exceed 
recovery  values.  Basically,  then,  a  test  run  consisted  of  several  measurements  of  shock 
position  for  a  "plasma  off'  flow,  followed  by  several  measurements  with  "plasma  on", 
followed  by  several  more  measurements  with,  again,  "plasma  off'. 

In  no  runs  was  any  substantial  break-up  or  dispersion  of  the  oblique  shock 
observed.  In  order  to  determine  if  there  was  any  overall  change  in  the  shock  strength 
between  plama-on  and  plasma-off  conditions,  the  shock  angle  was  measured  for  every 
frame  in  each  test  run.  Measurement  was  by  the  operator  placing  cursor  lines  along  the 
shock  front  on  the  computerized  schlieren  picture,  and  recording  the  angle  as  given  from 
the  computer;  Table  1  is  a  summary  of  the  data  for  four  such  test  runs,  two  for  plenum 
electric  discharge  currents  of  15.7  mA,  and  two  for  higher  input  powers,  with  plenum 
electric  discharge  currents  of  20  mA.  Each  of  the  shock  angle  measurements  reported  in 
Table  1  represent  an  average  of  many  data  frames.  It  can  be  seen  that  the  accuracy  with 
which  the  shock  angle  can  be  measured  for  these  conditions  is  +  3®,  with  the  average 
shock  angle  being  near  66°.  In  addition  to  the  average  shock  angle  measured  in  the  runs. 
Table  1  also  records  the  Mach  number  and  the  temperature  ratio,  T/To,  corresponding  to 
the  measured  shock  angle.  Static  pressure  at  the  entrance  to  the  test  section  was  measured 
during  all  of  these  runs.  For  these,  P  =  11.0  Torr,  giving  P/Po  =  .022,  implying  a  test 
section  Mach  number  M  =  3. 1,  in  excellent  agreement  with  the  shock  angle  measurement, 
as  noted  above. 

With  the  strongly  nonequilibrium  nature  of  the  flow,  there  is  no  single  static 
temperature  characterizing  the  local  (static)  flow  enthalpy.  However,  in  these  continuum 
flows,  the  translational  and  rotational  molecular  modes  are  equilibrated,  and  there  is  a 
unique  temperature  characterizing  the  energy  in  these  modes.  This  translational/rotational 
temperature  is  what  is  denoted  without  further  qualification  as  gas  temperature,  or  static 
temperature,  T,  throughout  this  report.  Stagnation  temperature.  To,  is  defined 
conventionally:  it  represents  the  total  temperature  that  the  flow  gases  would  achieve  if 
the  gas  were  to  be  decelerated  to  zero  velocity,  and  all  modes  -  translation,  rotation, 
vibration,  electronic,  were  to  be  brought  into  thermal  equilibrium.  Since  the  total  energy 
input  from  the  discharge  into  the  flow  gases  is  measured,  as  are  the  flow  velocities,  the 
total  (stagnation)  flow  enthalpy  is  known,  and  To  is  unambiguously  inferred.  For  the 
higher  discharge  power  loading  runs  of  Table  1,  where  680  W  were  added  to  the  flow, 
To=500°K. 
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Table  1.  Plasma  Shock  Angle  Measurements 
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The  static  temperature  has  not  been  directly  measured  in  the  experiments  to  date. 
However,  the  energy  distribution  in  the  discharge  and  plenum  is  well-characterized,  as 
discussed  previously.  Using  the  measured  flow  and  plasma  data,  the  OSU  nonequilibrium 
gas  dynamic  flow  modeling  codes  have  been  run  for  the  test  conditions.  The  details  of 
these  calculations  are  given  in  Appendix  I.  As  shown  there,  there  is  very  little  loss  of 
energy  from  the  vibrational  mode  in  the  supersonic  expansion,  and  therefore  negligible 
rise  in  the  static  temperature  due  to  such  internal  energy  transfer.  This  effect  causes  static 
temperature  increase  in  the  test  section  core  flow  by  less  than  5  ®K,  even  for  the  most 
extreme  power  loading  conditions.  As  shown  in  Table  2  in  this  Appendix,  the  test  section 
static  temperature  for  all  these  runs  is  low,  T  =  100  “K. 

The  data  of  Table  1  do  not  seem  to  show  a  significant  detectable  shock  movement 
between  the  plasma-on  and  plasma-off  conditions.  While  some  of  the  data  seem  to 
show  a  slight  weakening  of  the  shock  (larger  shock  angles)  with  the  plasma  on,  the 
change  is  well  within  the  scatter  of  the  data.  More  recent  runs,  with  better  schlieren 
imaging  than  the  data  used  in  Table  1,  also  support  this  conclusion.  No  significant  shock 
movement  is  seen  for  these  run  conditions.  In  addition  to  the  use  of  operator-positioned 
cursors  to  measure  the  shock  angle,  "plasma-on"  images  have  been  computer- 
differenced  with  the  corresponding  "plasma-off"  images  for  the  same  run.  Again,  no 
significant  change  in  shock  strength  can  be  detected. 

We  conclude  that  for  these  test  conditions,  at  least,  any  change  in  shock  angle 
due  to  ionization  in  the  flow  is  less  than  3°.  As  shown  in  the  table,  the  corresponding 
change  in  the  apparent  Mach  number  is  less  than  0.3,  i.e.,  a  Mach  number  change  of  less 
than  10%  at  the  M  =  3  test  conditions.  Such  change  is  well  below  the  weakening  effects 
reported  in  some  of  the  literature;  but  any  greater  change  would  have  been  readily 
detectable  by  the  present  experiments. 

4.5  Flow  Visualization  in  Supersonic  Flowing  Afterglow 

Color  photographs  of  the  supersonic  flowing  afterglow  are  an  especially  effective 
means  of  displaying  the  key  features  of  these  extremely  noflequilibrium  flows.  Fig.  16 
shows  a  photograph  of  the  nozzle  with  the  plasma  on  and  the  30®  wedge  model  in  place. 
One  can  see  the  luminous  boundary  layers  on  the  nozzle  and  model  walls,  dark  flow 
separation  regions  in  the  nozzle  and  in  the  wake  of  the  wedge,  and  even  the  oblique 
shock  attached  to  the  model.  The  striations  visible  in  the  expansion  show  that  the  electric 
field  from  the  discharge  penetrates  into  the  afterglow,  where  steep  density  and  electron 
temperature  gradients  result  in  the  ionization  instability  causing  striations.  Note  that  the 
luminous  regions  in  striations  follow  the  equal  Mach  number  lines  (see  Fig.  12),  and 
therefore  the  equal  density  lines.  We  conclude  that  the  flowing  afterglow  technique 
allows  accurate  flow  visualization,  including  shocks,  boundary  layers,  and  recirculating 
flow  regions.  This  method  might  be  especially  important  in  the  low-density  expansion 
flows  where  other  visualization  methods  become  less  efficient. 
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5.  Conclusions 

The  experiment  has  been  designed  to  minimize  temperature  rise  by  dissipative 
processes  in  the  test  flow.  The  test  flow  is  the  very  nearly  isentropic  core  of  the  nozzle 
expansion,  with  a  negligible  rise  in  flow  heating  due  to  vibrational  relaxation.  The  tunnel 
boundary  layer  does  not  extend  into  the  test  flow  of  the  model.  Any  higher  heating  in  the 
tunnel  flow  is  confined  to  these  boundary  layers,  where  the  temperature  could  rise  to 
stagnation  values  (500  K).  While  such  a  boundary  layer  heating  effect  could  conceivably 
increase  the  boundary  layer  thickness  and  decrease  the  isentropic  core  expansion, 
estimates  suggest  this  effect,  also,  will  be  small.  In  actuality,  no  significant  effective 
Mach  number  reduction  has  been  observed  under  even  the  highest  enthalpy  loading 
conditions. 

The  results  obtained,  to-date,  do  not  show  any  significant  effect  of  free 
electrons/electric  discharge  on  shock  weakening  or  attenuation.  Inasmuch  as  the  present 
experiment  has  been  carefully  designed  to  eliminate  any  significant  heating  or  local 
thermal  gradient  effects  on  the  shock,  these  results  may  have  especial  import.  However,  it 
is  important  to  note  that  the  experiments  to-date  have  been  run  at  somewhat  lower 
electron  densities  than  those  apparently  used  in  other  experiments  giving  a  positive 
effect.  Also,  the  strongest  effects  are  principally  claimed  in  the  range  1  <  M  <  2, 
substantially  below  the  M  =  3  values  of  the  present  tests.  It  is  crucial  to  note  that  the 
present  experimental  approach  can  almost  immediately  be  used  to  provide  data  in  these 
test  ranges.  The  present  results  demonstrate  that  the  test  and  measurement  techniques 
used  here  will  provide  easy,  relatively  artifact-free  data  in  these  ranges.  Measurement 
conditions  at  the  lower  Mach  numbers  will  be  at  higher  electron  and  gas  densities, 
greatly  facilitating  the  experiments.  The  following  extensions  of  the  present  studies 
should  be  pursued: 

1.  Tests  in  an  M  =  2,  and  M  =  1.5  flow.  Such  flows  will  automatically  have  higher 
electron  number  density  than  the  present  experiments. 

2.  Tests  in  which  a  fast  relaxant,  such  as  small  amounts  of  O2,  are  added  in  the  discharge. 
This  will  produce  nonisentropic  temperature  increases,  and  effective  shock  weakening  of 
a  sufficient  magnitude  to  be  easily  observable  should  be  obtained. 

3.  Tests  with  a  blunt-nose  model,  such  as  a  half-circular  nose,  replacing  the  30®  wedge 
used  here.  The  bow  shock  created  in  this  flow  will  be  quite  strong  close  to  the  stagnation  ^ 
point,  and  schlieren  visualization  will  be  of  good  quality.  Perhaps  weakening  effects, 
similar  to  those  reported  in  [13],  may  be  observed  for  this  significantly  different  flow 
geometry. 

4.  Tests  using  the  control  of  the  electron  parameters  afforded  by  the  probe  electrodes  in 
the  tunnel  walls.  Rather  than  turning  the  main  discharge  on  and  off,  we  can  remove  a 
large  fraction  of  the  free  electrons  by  applying  small  voltages  to  the  probe,  as  we  have 
shown.  Thus,  the  electron  density  can  be  varied  without  significantly  affecting  the  flow 
enthalpy.  Beyond  this,  the  effects  of  increasing  the  electron  energy  by  running  the  probe 
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voltages  into  the  ignition  regime  should  be  studied  in  detail.  Will  such  increases 
eventually  cause  shock  weakening?  The  results  of  running  the  transverse  discharge  into 
the  arc  transition  regime  should  be  examined;  we  can  deliberately  create  local  heating 
effects. 

5.  Finally,  the  utility  of  the  present  facility  for  studies  of  a  wide  variety  of 
nonequilibrium  fluid  and  plasma  phenomena  should  be  explored.  More  extensive 
diagnostics  can,  of  course,  be  incorporated.  Temperature  measurements  can  be  made 
using  the  N2  plasma  emission  to  resolve  the  rotational  structure  of  these  electronic  bands, 
using  the  OSU  optical  multichannel  analyser.  Both  temperature  and  vibrational  energy 
content  can  be  determined  by  adding  an  infra-active  trace  species,  such  as  CO,  to  the 
flow  gases,  and  using  Fourier  Transform  Infrared  Spectroscopy  to  resolved  vibrational 
state  emission  bands.  Both  of  these  techniques  are  well-developed  in  the  Nonequilibrium 
Thermodynamics  Laboratory.  An  example  of  a  broader  study  that  should  be  made  in  the 
system  is  the  power  loading  of  a  supersonic  flow  with  the  transverse  wall  electrode 
system.  It  has  already  been  shown  here  that  the  present  technique  creates  a  stable,  diffuse 
discharge  with  current  path  transverse  to  an  M  =  3  flow. 
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Appendix  L  One-Dimensional  Nonequilibrium  Flow  Calculations 

To  estimate  the  effect  of  the  gas  flow  heating  due  to  relaxation  of  energy  stored  in 
vibrational  degrees  of  freedom  of  nitrogen,  we  used  quasi-one-dimensional 
nonequilibrium  flow  modeling  calculations.  The  code  used  solves  coupled  one¬ 
dimensional  gas  dynamics  equations  and  master  equation  for  the  populations  of 
vibrational  levels  of  molecules.  The  kinetic  model  incorporates  processes  of  vibrational 
excitation  of  molecules  by  electron  impact  in  the  electric  discharge  section,  as  well  as  V- 
T  and  V-V  energy  transfer  processes  that  are  primarily  responsible  for  the  flow  heating  in 
the  supersonic  afterflow.  The  objective  of  these  calculations  was  to  determine  whether 
the  flow  heating  by  vibrational  relaxation  is  enough  to  cause  substantial  changes  in  the 
test  section  Mach  number  and  therefore  in  the  oblique  shock  angle. 

The  calculations  have  been  performed  for  nitrogen  at  stagnation  pressure  of 
Po=500  torr  and  stagnation  temperature  of  To=300  K.  The  nozzle  throat  cross  sectional 
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area  was  A*=0.21  cm^,  with  the  area  ratio  A/A*=5.2  and  the  length  of  the  supersonic 
section  L=  10  cm. 

Table  2  shows  that  for  discharge  power  used  in  the  experiments  the  flow  heating 
in  the  inviscid  core  is  negligibly  small  (static  temperature  in  the  test  section  increases  by 
only  about  1-5  K).  This  occurs  due  to  the  slow  rate  of  vibrational  energy  relaxation  in  V- 
V  processes  and  short  residence  time.  However,  heating  might  well  be  a  major  factor  in 
the  boundary  layer  where  the  flow  is  near  stagnation  and  therefore  has  enough  time  to 
vibrationally  relax.  Indeed,  for  typical  experimental  conditions  the  stagnation  temperature 
increase  due  to  power  loading  by  the  discharge  is  about  200  K. 


Table  2 


Discharge 

Test  section 

Test  section 

Test  section 

Test  section 

power,  W 

static 

Mach  number 

vibrational 

stagnation 

temperature 

temperature 

temperature 

0 

98 

3.24 

300 

300 

120 

98 

3.24 

1000 

335 

767* 

99 

3.23 

2000 

522 

1628 

103 

3.21 

3000 

772 

*  Close  to  the  experimentally  measured  value  of  700  W 
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Figure  1.  Optoacoustic  signal  from  a  shock  wave  (density  gradient)  in  a  30  Ton* 
glow  discharge  in  argon  (M^l  .7).  The  discharge  tube  diameter  is  5  cm  [12]. 


Figure  2.  Density  profile  across  the  plasma  shock  in  transverse  glow  discharge  in  air 
(T~350  K,  P=12  Torr,  initial  shock  velocity  v,=500  m/s,  >=30  toAJcaf  ;  1,  in  plasma;  2, 
without  plasma)  [9]. 
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Figure  3.  Schematic  of  wind  tunnel  experiment. 
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Figure  5.  Flow  channel  layout  with  pressure  taps 
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Figure  7.  Typical  schlieren  image  of  oblique  shocks 
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Figure  9.  Test  section  static  pressure  as  a  function  of  time. 


Mach  Number 


Figure  10.  Centerline  Mach  number  profile. 
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Hgure  It.  Radial  profile  of 
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Figure  12,  Mach  number  contour  plot. 


E/N.  V  cm* 


N2  ^ow  dischaige,  fraction  of  energy  transferred 
by  electrons  t6  (1)  rotation,  (2)  vibration,  (3)  electronic  excita¬ 
tion,  and  (4)  ionization. 


Figure  13.  Electron  energy  balance  in  nitrogen  glow  discharge  [21]. 
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2.2  Studies  of  Oblique  Shock  Waves  in  Weakly  Ionized  Nonequilibrium 
Plasmas 
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Abstract 

The  paper  discusses  experimental  studies  of  possible  shock  dispersion  in  weakly  ionized 
supersonic  gas  flows.  In  these  experiments,  a  supersonic  flowing  afterglow  wind  tunnel,  which  produces 
highly  nonequilibrium  plasma  flows  with  low  gas  kinetic  temperatures  at  M=2-4,  is  used.  Supersonic 
flows  are  maintained  at  complete  steady  state.  The  flow  is  ionized  by  the  high-pressure  aerodynamically 
stabilized  DC  discharge  in  the  tunnel  plenum.  Attached  oblique  shock  structure  on  the  nose  of  a  40° 
wedge  with  and  without  ionization  in  a  M=2  flow  was  studied.  No  effect  ct  of  ionization  on  the  shock 
angle  was  observed.  Ionization  fraction  in  the  test  section  (ne~10®  cm‘^  ne/N~10‘\  however,  was  at  the 
lower  end  of  the  range  in  which  shock  modifications  have  previously  been  reported.  To  increase  the 
electron  density  in  the  supersonic  test  section,  additional  ionization  by  a  transverse  RF  discharge  was 
used.  Preliminary  results  show  that  a  stable  diffiise  RF  discharge  with  ionization  fraction  of  ru/N-lO'^ 
(ne~10”  cm'^)  can  be  sustained  in  the  test  section  at  M=2-3.  Supersonic  flow  visualization  in  these 
plasmas  allows  straightforward  and  reliable  diagnostics  of  possible  shock  modification. 

1.  Introduction 

Shock  wave  propagation  in  weakly  ionized  plasmas  (with  ionization  firaction  ne/N~10'*-10'^  has 
been  extensively  studied  for  the  last  15  years  (e.g.  see  [1-5]  and  references  therein).  The  following 
anomalous  effects  have  been  observed:  (i)  shock  acceleration;  (ii)  non-monotonic  variation  of  flow 
parameters  behind  the  shock  front;  (iii)  shock  weakening;  and  (iv)  shock  wave  splitting  and  spreading. 
These  effects  have  been  observed  in  discharges  in  various  gases  (air,  CO2,  Ar)  at  pressures  of  3-30  Torr, 
and  for  Mach  numbers  M~1.5-4.5.  They  also  persist  fi)r  a  long  time  after  the  dischaige  is  off. 

At  the  present  time,  no  consistent  theoretical  model  has  been  able  to  interpret  the  results  of  these 
experiments  on  the  basis  of  nonequilibrium  plasma  effects  alone.  On  the  other  hand,  it  appears  that  some 
of  these  results  can  be  e^lained  by  tfie  nonuniform  heating  of  the  plasma  flow.  A  major  complexity  with 
the  previous  experiments  on  the  anomalous  shock  weakening  and  dispersion  is  that  the  short-duration  test 
fecilities  (shock  tubes  and  ballistic  ranges)  have  been  used.  A  second  complexity  is  the  control  of  the 
thermodynamic  parameters  of  the  test  plasma.  Ideally,  it  is  desirable  to  have  uniform  gas  temperature, 
pressure,  species  concentrations,  and  electron  density  throughout  the  test  region,  and  these  parameters 
should  remain  constant  except  as  perturbed  by  the  passing  shock  structure. 

The  present  study  represents  an  effort  to  ^dress  and  circumvent  these  complexities.  The  present 
experiments  are  conducted  in  a  new,  unique,  steady-state  supersonic  flow  fecility,  with  well- 
characterized,  near  uniform,  nonequilibrium  plasma  properties. 

2.  Experimental  Facility 

The  fecility  used  in  thq  present  study  is  a  recently  developed,  small-scale,  nonequilibrium  plasma 
wind  tunnel.  In  contrast  to  the  shock  tube  and  balhstic  range  studies,  it  operates  at  steady  state.  This  wind 
tunnel  is  the  high-pressure-discharge/supersonic-flowing-afterglow  apparatus  of  Fig.  1.  The  design  and 
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operation  of  the  wind  tunnel  has  been  described  in  greater  detail  in  [6],  Briefly,  the  aerodynamically 
stabilized  DC  diffuse  glow  discharge  in  the  tunnel  plenum  can  be  sustained  at  high  pressures,  up  to  500 
torr  in  nitrogen,  or  up  to  6  atm  in  helium.  This  is  not  an  arc-heated  tunnel.  Although  the  electrical  power 
into  the  dischai^e  is  rather  high,  up  to  500  W/cm^  in  Na,  more  than  90%  of  the  input  power  goes  into  the 
vibrational  mode  of  nitrogen.  In  contrast  to  an  electric  arc,  very  little  of  the  power  goes  directly  to  gas 
heating.  Therefore,  conditions  of  flie  gases  at  the  throat  exhibit  the  extreme  thermal  disequilibrium  of  the 
positive  column  of  a  glow  discharge;  the  translational/rotational  mode  temperature  is  low  (~300  K  for  an 
uncooled  discharge  tube),  the  energy  in  the  vibrational  mode  is  high  (0.1  to  0.2  eV  per  diatomic 
molecule),  the  electron  density  is  ~10‘°cm‘^,  and  the  average  electron  energy  is  in  the  1.0  eV  range. 

Downstream  of  the  discharge  section  is  a  two-dimensional  plane  supersonic  nozzle,  as  shown. 
The  nozzle  is  made  of  transparent  acrylic  plastic,  which  allows  optical  access  to  the  expansion. 
Fabrication  and  use  of  a  range  of  nozzles  with  varying  expansion  ratios  and  test  section  lengths  is 
straightforward  and  rapid.  The  system  is  connected,  through  a  simple  channel  diffuser,  to  a  ballast  tank 
pumped  by  a  several  hundred  cfm  vacuum  pump.  Operation  at  relatively  high  plenum  pressures  creates  a 
supersonic  flow,  of  reasonable  quality  (~75%  inviscid  core),  in  the  test  section  of  the  tuimel  [6].  At  M=2, 
run  durations  of  at  least  a  few  minutes  are  attained.  An  important  feature  of  the  nozzle  operation  is  that 
the  electron-ion  recombination  is  sufficiently  slow,  so  that  the  ionization  fiaction  (ne/N~10'^  remains 
nearly  constant  in  the  expansion  into  Are  test  section  of  the  tunnel  [6].  Also,  high  level  of  vibrational 
excitation  existing  at  the  nozzle  entrance  persists  throughout  the  nozzle  length,  for  flows  in  pure  N2.  The 
vibrational  temperature  of  nitrogen  is  essentially  frozen  at  the  throat  values. 

For  the  shock  dispersion/weakening  studies  reported  here,  a  wedge  is  inserted  into  the  supersonic 
ionized  flow  as  shown  in  Fig.  1.  With  this  system,  the  effect  of  nonequilibrium  plasmas  on  the  structure 
and  stability  of  the  resultant  oblique  shock,  attached  to  Ate  nose  of  the  wedge,  can  be  studied  in  detail,  in  a 
steady  and  well-controlled  plasma  environment.  The  objective  of  the  experiments  is  to  measure  the  angle 
of  the  oblique  shock  attached  to  the  wedge,  under  both  discharge-on  and  discharge-off  conditions.  It  has 
been  reported  that  the  effect  of  the  plasma  is  to  weaken  the  shock.  This  should  produce  an  effect  of  the 
apparent  reduction  of  the  shock  Mach  number.  For  a  40°  total  angle  wedge,  a  shock  Mach  number 
reaction  from  M  =  3  to  M  =  2  would  create  a  change  in  the  shock  wave  angle  of  more  than  15°.  Changes 
of  this  magnitude  would  be  readfly  detectable  in  the  present  system. 

Since  the  previous  experiments  in  the  M=3  supersonic  flowing  afterglow  sustained  by  the  DC 
discharge  in  plenum  [6]  did  not  show  any  measurable  shock  attenuation,  the  main  objecAve  of  the  present 
study  is  to  increase  the  electron  density  in  the  test  secAon.  To  achieve  this,  a  transverse  RF  discharge 
sustained  between  the  strip  electrodes  embedded  in  the  top  and  bottom  nozzle  walls,  as  shown  in  Fig.  1,  is 
used.  It  is  well  known  that  relaAvely  low  current  RF  discharges  are  more  stable  than  DC  discharges  [7], 
since  the  former  do  not  have  high  electric  field  sheaths.  Indeed,  the  experiments  with  DC  voltage  applied 
to  the  test  secAon  electrodes  showed  that  the  discharge  is  very  unstable  and  readily  transforms  into  an  arc. 
On  the  other  hand,  applying  RF  electric  field  to  Aie  electrodes,  in  the  frequency  range  v=15-60  MHz 
allowed  sustaiiung  a  st^le,  diffrise,  and  uniform  transverse  discharge. 

In  the  present  experiments,  with  Aie  auxiliary  DC  discharge  on,  RF  voltage  was  applied  to  the  test 
section  electrodes  located  a  few  millimrters  upstream  of  the  model  (1cm  long  40°  copper  wedge,  see  Fig. 
1).  The  DC  discharge  provided  pre-ionization  of  the  flow  upstream  of  the  test  secAon.  The  RF  power 
supply  consisted  of  a  50  W  broadband  (15-512  MHz)  amplifier.  Mini  Circuits  LZY-1,  driven  by  a  HP 
33120A  fimcAon  generator  at  15  MHz  or  Mini  Circuits  voltage  controlled  oscillator  ZOS-75  between  30 
and  60  MHz.  The  RF  circuit  impedance  was  matched  using  an  MFJ-949E  tuner.  The  applied  RF  voltage 
was  varied  in  the  range  0-300  V  peak-to-peak. 

3.  Results  and  Discussion 

In  the  first  series  of  experiments  in  a  M=2  nozzle,  ionizaAon  in  the  flow  was  created  by  a  DC 
glow  discharge  in  the  nozzle  plenum.  With  the  DC  discharge  off,  a  conventional  schlieren  system  [6]  was 
used  to  visu^ize  the  oblique  shocks  attached  to  the  nose  of  the  wedge  model  (see  Fig.  2).  The  wedge 
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planform  and  the  quite  straight  oblique  shock  on  either  side  of  the  nose  can  be  seen.  The  total  shock  angle 
is  approximately  102°,  which  indicates  the  Mach  number  of  M=2.1.  With  the  DC  discharge  on,  the 
plasma  flow  visualization  technique  [8]  was  used  to  measure  the  shock  angle.  Our  previous  experiments 
with  supersonic  flowing  afterglow  demonstrated  that  the  use  of  the  schlieren  system  is  not  necessary  for 
shock  visualization.  During  these  experiments,  the  nozzle,  test  section,  and  diffuser  are  filled  witii  the 
bright  visible  emission,  arising  primarily  from  the  well-known  orange-red  first  positive  bands, 
B^rig-^A^Su^  in  nitrogen  and  fi'om  the  blue  lines  of  helium  [8].  This  emission  makes  all  features  of  the 
supersonic  flow,  including  shocks,  boundary  layers,  and  wakes,  clearly  visible.  Fig.  3  shows  a  black  and 
wWte  photograph  of  the  M=2  nitrogen  plasma  flow  around  the  40°  wedge  model  in  the  test  section.  This 
photograph  is  taken  by  a  high  resolution  monochrome  COHU-4910  camera.  One  can  see  that,  in  addition 
to  the  primary  oblique  shocks.  Fig.  3  also  displays  a  pair  of  fainter  secondary  oblique  shocks  produced  by 
the  supersonic  flow  reflection  off  the  luminous  boundary  layer  growing  on  the  wedge  walls,  boundary 
layers  extending  downstream  of  the  wedge,  and  the  wake  behind  it.  Note  that  all  these  spectacular 
features  can  be  easily  observed  in  real  time  simply  by  looking  at  the  wind  tunnel  during  its  operation.  The 
total  shock  angle  with  the  plasma  on,  0=102°  (see  Fig.  3),  is  in  excellent  agreement  with  the  schlieren 
measurements  with  the  plasma  off  (see  Fig.  2).  In  other  words,  no  measurable  effect  of  the  plasma  on  the 
shock  angle  is  seen.  This  result  is  consistent  with  our  previous  measurements  in  a  M=3  plasma  wind 
tunnel. 

Most  previous  plasma  shock  experiments  have  been  made  at  higher  ionization  finctions  than 
attained  in  an  afterglow  sustained  by  a  DC  discharge  only  (n^lO'*  vs.  ne~10  °  in  the  present  experiments). 
Therefore,  in  the  second  series  of  experiments  we  attempted  to  increase  the  electron  density  in  the  test 
section  by  using  a  transverse  RF  discharge.  The  supersonic  flow  in  the  test  section  flow  was  still 
preionized  by  the  aerodynamically  stabilized  DC  discharge,  which  made  initiation  of  the  RF  discharge 
much  easier.  In  helium  flows,  after  the  RF  discharge  was  initiated,  the  DC  voltage  could  be  turned  off, 
while  the  RF  discharge,  now  completely  self-sustained,  remained  on.  Fig.  4  shows  the  photographs  of  the 
RF  discharge  in  helium  at  plenum  pressure  Po=l  atm  (test  section  Mach  number  M=3,  static  pressure 
Pstatic=24  torr),  with  and  without  an  auxiliary  DC  discharge.  One  can  see  that  RF  discharge  produces  a 
bright  afterglow  extending  a  few  cm  downstream  of  the  RF-powered  electrodes.  The  RMS  conduction 
current  of  the  RF  discharge  (i.e.  the  difference  between  the  current  measured  with  and  without  RF  plasma 
on)  is  Icond=12  mA  at  ftie  applied  RMS  voltage  of  U=300  V,  which  gives  the  electron  density  ne~10"  cm'^ 
and  ionization  firaction  ne/N~10'^.  These  conditions  are  comparable  with  the  discharge  parameters  of  the 
previous  plasma  shock  studies. 

Fig.  5  shows  the  RF  discharge  sustained  in  the  mixture  of  helium  and  nitrogen  at  plenum  pressure 
Po=l  atm  and  4%  of  N2  in  the  mixture,  in  the  same  M=3  nozzle.  In  this  case,  the  RF  discharge  cannot  be 
sustained  after  the  DC  preionization  is  turned  off.  Moreover,  if  the  N2  fiaction  in  the  mixture  is  increased, 
initiation  of  the  RF  discharge  occurs  at  an  increasingly  higher  RF  input  power.  This  type  of  the  discharge 
behavior  is  expected;  it  occurs  because  of  the  higher  electron  energy  losses  in  the  inelastic  collisions  with 
N2  molecules  (mainly  resulting  in  vibrational  excitation  by  electron  impact).  With  the  current  power 
supply,  we  could  initio  and  sustain  the  RF  discharge  with  up  to  20%  of  N2  in  the  mixture.  Initiation  of 
the  discharge  in  pure  nitrogen  would  require  a  more  powerful  RF  anq)lifier  or  power  supply.  At  all 
experimental  conditions  described  above,  the  RF  discharge  was  always  diffuse,  stable,  did  not  produce 
any  arc  filaments,  and  was  not  blown  off  by  the  incident  flow.  Similar  results  have  been  obtained  in  a 
M=2  nozzle.  Estimates  of  the  RF  power  coupled  to  the  plasma  (3-5  W)  show  that  the  heating  of  the  flow 
in  the  test  section  does  not  exceed  AT=l-2  K. 

Sustaining  the  RF  discharge  in  the  gas  mixture  with  high  percentage  of  nitrogen  is  critical  for  the 
flow  visualization  technique  used  in  the  present  study.  Although  most  flowfield  structures,  such  as 
boundary  layers,  wakes,  and  separation  regions  are  clearly  visible  both  in  nitrc^en  and  in  helium 
afterglows  [8],  we  were  able  to  observe  the  well-defined  hairline  oblique  shocks  only  in  pure  nitrogen  or 
in  the  mixtures  with  a  few  percent  of  helium.  We  believe  fliis  to  be  due  to  a  more  dispersed  shock 
structure  in  the  flows  wifii  large  amounts  of  helium.  TTiese  preliminary  results  suggest  that  the  use  of  the 
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flowfield  visualization  in  stable  transverse  RF  discharges  sustained  in  the  cold,  uniform,  supersonic 
plasma  flows  would  finally  determine  whether  the  shock  dispersion  in  nonequilibrium  plasmas  is  due  to 
anomalous  plasma  effects  or  due  to  the  nonuniform  heating  of  the  flow. 

4.  Summary 

Experimental  studies  of  possible  shock  dispersion  in  weakly  ionized  supersonic  gas  flows  are 
reported.  Ito  these  experiments,  a  supersonic  flowing  afterglow  wind  turmel,  which  produces  highly 
nonequilibrium  plasma  flows  with  low  gas  kinetic  temperatures  at  M=2-4,  is  used.  Supersonic  flows  are 
maintained  at  complete  steady  state.  The  flow  is  ionized  using  high-pressure  aerodynamically  stabilized 
DC  discharge  in  the  tunnel  plenum.  Attached  oblique  shock  structure  on  the  nose  of  a  40“  wedge  with  and 
without  ionization  in  a  M=2  flow  was  studied.  No  effect  of  ionization  on  the  shock  angle  was  observed. 
Ionization  fraction  in  the  test  section  (ne~10®  cm'^,  ne/N~10‘®),  however,  was  at  the  lower  end  of  the  range 
in  which  shock  modifications  have  previously  been  reported.  To  increase  the  electron  density  in  the 
supersonic  test  section,  additional  ionization  by  a  transverse  RF  discharge  was  used.  Preliminary  results 
show  that  a  stable  diffuse  RF  discharge  with  ionization  fraction  of  ne/N~10  ’  (ne~10"  cm‘^)  can  be 
sustained  in  the  test  section  at  M=2-3.  Supersonic  flow  visualization  in  these  plasmas  allows 
straightforward  and  reliable  diagnostics  of  possible  shock  modification.  Further  experiments  with 
transverse  RF  discharges  sustained  in  supersonic  nitrogen  flows  are  expected  to  determine  whether  the 
anomalous  shock  dispersion  is  indeed  produced  in  cold,  uniform  supersonic  plasma  flows. 
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Discbai^e  Nozzle  Test  Section  Diffuser 


Figure  1.  Schematic  of  the  Tvind  tunnel  experiment 


Figure  2.  Schlieren  image  of  an  oblique  shock  in  a  Figure  3.  Photograidi  {not  schlieren!)  of  a  fioivfield 

M=2  flow  around  a  40“  wedge  (plasma  off)  in  a  M=2  flow  around  a  40®  wedge  (plasma  on) 


Figure  4.  Transverse  RF  discharge  in  the  supersonic 
helium  flow.  Po=l  tarn,  T(f=300  K,  M=3.  (a)  both  DC 
(preionizadon)  and  RF  (main)  discharges  are  on;  (b) 
only  RF  discharge  is  on 


Figure  5.  Transverse  RF  discharge  in  the  preionued 
supersonic  N2-He  flow.  Po=l  tarn,  T(j=300  K,  M=3,  4%  of  Na 
in  the  mixture.  Both  DC  preionizadon)  RF  (main)  discharges 
are  on 
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2.3  Studies  of  Conical  Shock  Wave  Modification  by  Nonequilibrium  RF 
Dischai^e  Plasma 
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Abstract 

The  paper  discusses  preliminary  results  of  an  on-going  experimental  study  of  shock  modification 
in  a  supersonic  flow  of  nonequilibrium  plasma  over  a  cone.  The  ejq)eriments  are  conducted  at  a 
nonequilibrium  plasma  supersonic  wind  tunnel.  Recent  experiments  at  Ohio  State  using  a  supersonic 
plasma  flow  over  a  quasi-two-dimensional  wedge  showed  that  an  oblique  shock  can  be  considerably 
weakened  by  the  transverse  RF  discharge  plasma.  The  previously  observed  shock  weakening,  however, 
has  been  found  consistent  with  the  temperature  rise  in  the  boundary  layers  heated  by  the  discharge.  In  the 
present  study,  an  attempt  is  made  to  reduce  the  boundary  layer  effects  by  placing  an  entire  cone  into  a 
supersonic  inviscid  core  flow.  Preliminary  results  using  a  relatively  low-power  RF  discharge  did  not  show 
any  measurable  shock  weakening.  Additional  measurements  at  higher  RF  discharge  powers  are  su^ested. 

1.  Introduction 

Shock  wave  propagation  in  weakly  ionized  plasmas  (with  ionization  fraction  ne/N~10'*-10'^)  has 
been  extensively  studied  for  the  last  15  years  (e.g.  see  [1-5]  and  references  therein).  The  following 
anomalous  effects  have  been  rq)orted:  (i)  shock  acceleration;  (ii)  non-monotonic  variation  of  flow 
parameters  behind  the  shock  front;  (iii)  shock  weakening;  and  (iv)  shock  wave  splitting  and  ^reading. 
These  effects  have  been  observed  in  discharges  in  various  gases  (air,  CO2,  Ar)  at  pressures  of  3-30  Torr, 
and  for  Mach  numbers  M~l. 5-4.5.  They  also  persist  for  a  long  time  after  the  discharge  is  turned  off 

At  the  present  time,  no  consistent  theoretical  model  has  been  able  to  interpret  the  results  of  these 
studies  on  the  basis  of  nonequilibrium  plasma  effects  [6].  On  the  other  hand,  recent  experiments  in  a 
pulsed  glow  discharge  [7],  as  well  as  m^eling  calculations  [8],  suggest  that  most  of  these  results  can  in 
feet  be  explained  by  the  nonuniform  heating  of  the  gas  flow  in  the  discharge.  A  major  complexity  with 
most  of  the  previous  experiments  on  the  anomalous  shock  weakening  and  dispersion  in  nonequilibrium 
plasmas  is  t^t  short-duration  test  fecilities  (shock  tubes  and  ballistic  ranges)  have  been  used.  A  second 
complexity  is  the  control  of  the  test  plasma  parameters.  Ideally,  it  is  desirable  to  have  uniform  gas 
temperature,  pressure,  species  concentrations,  and  electron  density  throughout  the  test  region,  and  these 
parameters  should  remain  cmistant  in  time.  Finally,  in  the  majority  of  the  previous  experiments  the 
weakly  ionized  plasma  has  been  produced  in  a  stagnant  or  very  slowly  moving  gas,  while  most  practical 
rqrplications  of  shock  wave  control  by  plasmas  require  sustainmg  ionization  in  a  supersonic  flow.  These 
requirements  define  a  need  for  an  experimental  study  conducted  in  a  steady-state  supersonic  flow  of 
stable,  uniform,  and  well  characterized  nonequilibrium  plasma. 

Such  an  experiment  using  a  nonequilibrium  plasma  supersonic  wind  tunnel  has  been  recently 
developed  at  Ohio  State  [9,10].  In  diis  experiment,  an  oblique  shock  attached  to  a  wedge  located  in  a 
supersonic  flow  of  cold  nonequilibrium  N2-He  plasma  was  monitored  using  high-pressme  plasma  flow 
visualization.  The  plasma  was  produced  by  an  aerodynamically  stabilized  diffese  DC  glow  discharge  [9] 
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sustained  in  the  tunnel  plenum  and  by  a  transverse  RF  discharge  [10]  sustained  in  the  supersonic  test 
section.  The  experiments  showed  considerable  shock  angle  increase  with  the  RF  discharge  turned  on,  i.e. 
shock  weakening.  With  the  RF  discharge  on,  die  shock  angle  increased  from  its  baseline  value  of  a-99^ 
to  a=ll3°,  which  corresponds  to  an  apparent  Mach  number  reduction  from  M=2.0  to  M=1.8.  However, 
both  the  observed  shock  weakening  and  its  subsequent  recovery  after  the  RF  discharge  was  turned  off 
occurred  on  a  long  time  scale,  over  a  few  seconds.  For  comparison,  the  supersonic  flow  residence  time  in 
the  test  section  is  of  the  order  of  10  psec.  In  addition,  the  observed  Mach  number  reduction  was  found  to 
be  consistent  with  the  temperature  increase  in  the  boundary  layers  on  the  test  section  walls,  adjacent  to  the 
transverse  RF  discharge  electrodes.  These  observations  suggest  that  the  observed  shock  weakening  is 
likely  to  be  due  to  thermal  effects,  in  particular,  oblique  shock  interaction  with  the  heated  boundary 
layers. 

The  present  paper  presents  preliminary  results  of  an  on-going  experimental  study  where  we 
attempt  to  reduce  the  boundary  layer  effects  on  the  shock.  The  main  objective  of  this  on-going  work  is  to 
determine  whether  the  shock  weakening  by  plasmas  reported  in  previous  studies  at  Ohio  Stale  and 
elsewhere  is  indeed  due  to  thermal  effects. 

2.  Experimental  Facility 

The  fecility  used  in  the  present  study  is  an  upgrade  of  a  recently  developed,  small-scale,  steady- 
state  nonequilibrium  plasma  wind  tunnel  [9,10],  The  design  and  operation  of  the  wind  turmel  has  been 
described  in  greater  detail  in  [9,10].  Briefly,  the  supersonic  flow  of  nonequilibriiun  plasma  in  the  wind 
tunnel  is  produced  by  an  aerodynamically  stabilized  diffuse  DC  glow  discharge  [9]  sustained  in  the  turmel 
plenum  and  by  a  transverse  RF  discharge  [10]  sustained  in  the  supersonic  test  section.  Both  discharges 
can  be  sustained  at  quite  high  plenum  and  test  section  pressures,  up  to  Po=2/3  atm  and  Ptest=01  atm, 
respectively,  in  nitrogen.  Operation  at  relatively  high  plenum  pressures  creates  a  supersonic  flow  of 
reasonable  quality  (~75%  inviscid  core),  in  the  test  section  of  the  tunnel  [9].  At  M=2,  run  durations  of  at 
least  a  few  minutes  are  attained  [10].  This  is  not  an  arc-heated  turmel.  Although  the  electrical  power  into 
the  discharges  is  rather  high,  up  to  500  W  DC  and  200  W  RF  in  pure  Na,  more  than  90%  of  the  input 
power  goes  into  the  vibrational  and  electronic  energy  modes  of  nitrogen  [11].  In  contrast  to  an  electric 
arc,  very  little  of  the  power  goes  directly  to  gas  heating.  Therefore,  conditions  of  the  gases  in  the  test 
section  exhibit  the  extreme  thermal  disequilibrium  of  the  positive  column  of  a  glow  discharge;  the 
translational/rotationqi  mode  temperature  is  low  (~100-200  K),  the  energy  in  the  vibrational  mode  is  high 
(0.1  to  0.2  eV  per  diatomic  molecule),  the  electron  density  is  ne~10'®-10"  cm'^  and  the  average  electron 
energy  is  in  the  1 .0  eV  range. 

Downstream  of  the  plenum  /  DC  discharge  section  is  a  9  cm  long,  rectangular  cross  section 
supersonic  nozzle,  shown  in  Figure  1.  The  nozzle  is  made  of  transparent  acrylic  plastic,  with  a  CaF2 
window,  which  provides  optical  access  to  the  test  section.  Fabrication  and  use  of  a  range  of  nozzles  with 
varying  expansion  ratios  and  test  section  lengths  is  straightforward  and  rapid.  The  nozzle  is  cormected, 
through  a  simple  step  diffuser,  to  a  ballast  tank  pumped  by  a  several  hundred  cftn  vacuum  pump.  To 
reduce  the  effect  of  the  side  wall  boundary  layers  on  the  supersonic  inviscid  core  flow,  the  side  walls  of 
the  nozzle  are  diverging  at  a  constant  angle  of  5.5°.  This  also  allows  accommodation  of  a  small  plastic 
cone  model  in  the  test  section.  The  nozzle  throat  and  exit  dimensions  are  17  mm  x  3  mm  and  29  mm  x  20 
mm,  respectively.  During  the  wind  turmel  operation,  static  pressure  in  the  test  section  is  monitored  using 
two  pressure  taps  in  the  top  nozzle  wall,  one  between  the  RF  electrodes  and  the  other  ^proximately 
halfway  between  the  electrodes  and  the  diffuser  (see  Fig.  1).  The  diameter  of  the  pressure  taps  is  about 
0.2  mm. 

In  the  present  erqreriment,  DC  discharge  in  the  nozzle  plenum  is  used  only  for  the  supersonic 
plasma  flow  visualization  [9,10].  Our  previous  experiments  [9]  showed  that  turning  the  DC  discharge  on 
and  off  does  not  produce  a  detectable  effect  of  flie  shock  angle.  On  the  other  hand,  RF  discharge  is 
primarily  used  to  produce  ionization  in  the  supersonic  test  section.  The  RF  discharge  is  sustained  between 
17  mm  long,  4  mm  wide  strip  copper  electrodes  embedded  in  the  nozzle  side  walls,  as  shown  in  Fig.l. 
Both  RF  electrodes  are  covered  with  flush  mounted  layers  of  1  mm  thick  Pyrex  glass  to  prevent 
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secondary  electron  emission  which  would  result  in  the  discharge  collapse  into  an  arc.  Hie  electrodes  do 
not  extend  wall  to  wall,  since  this  would  produce  considerable  discharge  and  temperature  nonuniformity 
in  the  boundary  layers  because  of  the  long  flow  residence  time  there.  The  RF  voltage  was  applied  to  the 
electrodes  using  a  13.56  MHz,  600  W  ACG-6B  RF  power  supply  and  a  3  kW  MFJ-949E  tuner  was  used 
for  RF  circuit  impedance  matching.  Typically,  the  reflected  RF  power  did  not  exceed  5%  of  the  forward 
power.  This  allowed  sustaining  a  stable,  dififiise,  and  uniform  transverse  discharge  in  air,  nitrogen,  and 
Na-He  mixtures.  Initiating  and  sustaining  of  the  RF  discharge  did  not  require  flow  pre-i<Hiization  by  the 
DC  discharge  upstream.  The  RMS  RF  voltage  and  current  can  be  varied  in  the  range  0.8-1.75  kV  and  80- 
280  mA.  The  estimated  test  section  electron  density  at  these  conditions  is  ne~10"  cm'^  which  is  about 
two  orders  of  magnitude  higher  than  produced  by  tire  DC  discharge  [9].  At  these  conditions,  ionization 
fraction  in  the  test  section  is  ne/N~10'^. 

For  the  shock  modification  studies  reported  here,  an  8  mm  long,  39°  full  angle  plastic  cone  is 
inserted  into  the  supersonic  ionized  flow  10  mm  downstream  of  the  RF  electrodes,  as  shown  in  Fig.  1. 
The  model  is  glued  to  a  metal  pin  embedded  in  a  tjiin  plastic  brace  located  in  tiie  difiuser.  The  distance 
between  tiie  test  section  side  walls  at  the  model  location  exceeds  the  model  base  diameter  by  about  a 
fector  of  2.2.  The  model  occupies  about  6%  of  the  test  section  cross  sectional  area.  With  this  system,  the 
effect  of  the  nonequilibiium  plasmas  on  the  strength  of  the  resultant  shock  attached  to  the  nose  of  the 
wedge  can  be  studied  in  detail,  in  a  steady  and  well-controlled  plasma  environment.  The  objective  of  the 
experiments  is  to  measure  the  oblique  shock  angle,  under  both  plasma  on  and  plasma  off  conditions. 
Previously  it  has  been  reported  that  Ae  effect  of  the  plasma  is  to  weaken  the  shock.  This  should  produce 
an  apparent  reduction  of  the  shock  Mach  number  and  therefore  increase  tiie  shock  angle.  Flow  images 
visualized  by  plasma  were  taken  using  a  high-resolution  monochrome  camera  COHU-49 10. 

3.  Results  and  Discussion 

Ihe  presents  experiments  have  been  conducted  in  air,  nitrogen,  and  a  70%  N2  -  30%  He  gas 
mixture  at  the  plenum  pressure  of  Po=250  torr.  The  main  reason  for  adding  helium  to  tiie  gas  mixture  was 
to  lower  the  voltage  required  for  sustaining  the  DC  discharge  (U=20  kV  in  a  70%  N2  -  30%  He  mixture 
vs.  U=25-30  kV  in  pure  nitrogen).  The  transverse  RF  discharge  was  equally  diffuse  and  stable  in  all  gases 
and  gas  mixtures  used. 

Figure  2  shows  the  results  of  the  test  section  pressure  measurements  during  the  wind  tunnel 
operation  with  both  DC  and  RF  discharges  turned  off.  One  can  see  that  the  i^tic  pressure  remains  stable 
and  nearly  constant  (witiiin  5%)  for  about  30  seconds.  Turning  the  DC  discharge  on  had  almost  no  effect 
of  the  test  section  pressure,  while  turning  the  RF  discharge  on  resulted  only  in  a  sUght  pressure  increase 
(within  1-3%  depending  on  the  RF  power). 

As  in  our  previous  experiments  [9],  with  the  DC  and/or  RF  discharge  on,  the  nozzle  and  the  test 
section  are  filled  with  bright  visible  emission,  arising  primarily  from  the  well-known  second  positive 
bands  of  nitrogen,  C^Hu-^B^Eg  [9,10].  This  emission  allowed  straightforward  supersonic  plasma  flow  and 
shock  visualization  [9,10].  As  a  crude  first-order  ^proximation,  neglecting  kinetic  processes  of 
population  and  decay  of  electronically  excited  radiating  species,  we  can  assume  that  the  observed 
emission  intensity  (i.e.  the  radiation  species  concentration)  is  simply  proportional  to  the  local  number 
density.  The  rationale  for  this  assumption  is  the  feet  that  tiie  excited  electronic  level  populations  of  N2  are 
strongly  coupled  with  the  ground  state  vibrational  populations  of  nitrogen  which  relax  extremely  slowly. 
For  example,  the  vibration-translation  (V-T)  relaxation  time  of  N2  by  He  at  the  conditions  of  the  present 
experiment  is  of  the  order  of  seconds  [12],  while  the  flow  residence  time  in  the  test  section  is  of  the  order 
of  tens  of  microseconds. 

Figure  3  shows  inverted  B&W  photographs  of  a  supersonic  N2-He  flow  over  a  wedge  in  a  quasi- 
two-dimensional  plane  nozzle  [10]  and  a  supersonic  N2-He  flow  over  a  cone  in  the  nozzle  shown  in  Fig. 
1.  Both  flows  are  visualized  by  a  230  W  DC  discharge  and  are  shown  in  scale.  Comparison  of  these  two 
images  shows  significant  qualitative  differences.  Indeed,  the  supersonic  flow  field  over  the  wedge  appears 
to  be  quite  compheated.  First,  one  can  see  that  the  visible  oblique  shock  attached  to  the  wedge  nose 
extends  only  over  about  1/4  of  the  wedge  length.  Second,  there  £q)pears  to  be  a  feinter  secondary  shock 
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formed  about  halfway  along  the  wedge.  Finally,  there  are  two  distinct  bright  features  formed  near  the 
wedge  surfece,  which  look  similar  to  boimdary  layers.  On  the  other  hand,  die  supersonic  flow  over  the 
cone  appears  to  be  much  less  complicated.  The  entire  region  behind  the  shock  is  filled  with  bright,  nearly 
uniform  visible  emission,  with  no  apparent  bright  or  daik  structures  (see  Fig.  3).  This  observation  is 
consistent  with  our  assumption  regarding  the  correlation  between  the  emission  intensity  and  the  local 
number  density.  Indeed,  in  the  absence  of  the  shock  perturbation  by  the  nozzle  walls  the  number  density 
of  the  flow  behind  the  conical  shock  is  expected  to  be  uniform.  The  conical  shock  fi-ont  looks  somewhat 
less  distinct  compared  to  the  oblique  shock  front  (see  Fig.  3),  since  in  the  former  case  we  are  looking  at  a 
fliree  dimensional  object  which  is  not  entirely  in  focus. 

This  qualitative  analysis  suggests  that  flie  flow  over  a  wedge  in  the  quasi-two-dimensional  plane 
nozzle  studied  in  our  previous  experiment  [9,10]  is  strongly  perturbed  by  the  nozzle  side  walls,  which 
were  only  4-5  mm  apart.  In  the  wedge  flow  shown  in  Fig.  3,  the  oblique  shock  angle  of  a=100°  indicates 
a  test  section  Mach  number  of  M=2.0.  In  the  cone  flow,  the  shock  angle  is  a=69°,  which  corresponds  to  a 
Mach  number  of  M=2.3. 

Unlike  in  our  previous  experiments  [10],  turning  the  RF  discharge  on  and  off  during  the  wind 
tunnel  (q)eration  did  not  result  in  a  measurable  shock  angle  increase.  In  these  measurements,  the  230  W 
DC  discharge  was  on  all  the  time  to  provide  plasma  flow  visualization  and  enable  shock  angle 
measurements  with  the  RF  discharge  off.  ITie  maximum  RF  discharge  power  applied  was  100  W,  which 
is  only  half  the  maximum  RF  power  used  in  our  previous  experiments  in  a  quasi-two-dimensional  plane 
nozzle  [10].  At  attempt  to  further  increase  the  RF  power  resulted  in  discharge  arcing  through  a  smaU  gap 
between  the  plastic  nozzle  wall  and  the  glass  layer  covering  both  RF  electrodes  (see  Fig.  1).  Hiis  occurred 
due  to  insufficient  glass  layer  /  copper  electrode  overlap.  Figure  4  shows  two  flow  images  of  a  70%  N2  - 
30%  He  flow  over  a  cone  with  the  RF  discharge  on  and  off.  One  can  see  that  in  both  cases  the  flow 
behind  the  shock  looks  feirly  uniform.  Figure  5  also  shows  two  supersonic  flow  images  (for  wedge  and 
cone  flows),  each  composed  of  two  separate  flumes,  with  the  RF  discharge  on  and  off.  For  both  flows,  the 
two  frames  have  been  differentiated  using  a  Scion  Image  software  package  to  highlight  the  location  of  the 
shock  front  and  then  added  together.  In  the  wedge  flow  taken  fi’om  Ref.  [10],  one  can  deafly  see  two 
shock  fi-onts  with  distinctly  different  angles,  the  larger  angle  corresponding  to  flie  fiume  with  the  RF 
discharge  on.  However,  there  appears  to  be  no  measurable  shock  weakening  in  the  cone  flow.  The  two 
possible  reasons  far  these  are  (i)  lower  RF  power  (100  W)  compared  to  the  previous  wedge  flow 
experiment  (200  W),  and  (ii)  absence  of  the  inviscid  core  flow  interaction  with  the  side  wall  boundary 
layers  heated  by  the  RF  discharge.  Additional  measurements  at  the  higher  RF  power,  comparable  to  the 
power  used  in  the  quasi-two-dimensional  flow  experiment  are  required  to  determine  the  reason  for  the 
absence  of  shock  weakening  in  the  supersonic  plasma  flow  over  a  cone. 

4.  Summary 

The  paper  discusses  preliminary  results  of  an  on-going  experimental  study  of  shock  modification 
in  a  supersonic  flow  of  nonequilibriiun  plasma  over  a  cone.  The  experiments  are  conducted  at  a 
nonequilibrium  plasma  supersonic  wind  tuimel.  Previous  experiments  at  Ohio  State  using  a  supersonic 
plasma  flow  over  a  quasi-two-dimensional  wedge  showed  that  an  oblique  shock  can  be  considerably 
weakened  by  the  transverse  RF  discharge  plasma.  The  previously  observed  shock  weakening,  however, 
has  been  found  consistent  with  the  temperature  rise  in  the  boundary  layers  heated  by  the  discharge,  hi  the 
present  study,  an  attempt  is  made  to  reduce  the  boimdary  layer  effects  by  placing  an  entire  cone  into  a 
supersonic  inviscid  core  flow.  Preliminary  results  using  a  relatively  low-power  RF  discharge  did  not  show 
any  measurable  shock  weakening.  Additional  measurements  at  higher  RF  discharge  powers  are  su^ested. 
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Figure  5.  Shock  weakening  by  the  plasma.  Two  flow  images  with  RF  discharge  off  and  RF  discharge  on 
are  differentiated  to  highlight  the  shock  front  location  and  then  added  together. 

Left:  50%  N2  -  50%  He  flow  over  a  35°  wedge  [10].  The  larger  angle  shock  (117®)  corresponds  to  the 
“RF  on”  firame,  and  the  smaller  angle  shock  (105°)  corresponds  to  the  “RF  off”  frame. 

Right:  70%  N2  -  30%  He  flow  over  a  39°  cone.  The  shock  angles  for  both  the  “RF  on”  and  “RF  off’ 
frames  are  69°. 
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2.4  Shock  Wave  Control  by  Nonequilibrium  Plasma  in  Cold  Supersonic 
Flows 
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Abstract 

The  paper  discusses  experimental  studies  of  shock  modification  in  weakly  ionized  supersonic  gas 
flows.  In  these  experiments,  a  supersonic  nonequilibrium  plasma  wind  tunnel,  which  produces  a  highly 
nonequilibrium  plasma  flow  with  the  low  gas  kinetic  temperature  at  M=2,  is  used.  Supersonic  flow  is 
maintained  at  complete  steady  state.  The  flow  is  ionized  by  a  high-pressure  aerodynamically  stabilized 
DC  discharge  in  the  tunnel  plenum  and  by  a  transverse  RF  discharge  in  the  supersonic  test  section.  The 
DC  discharge  is  primarily  used  for  the  supersonic  flow  visualization,  while  the  RF  discharge  provides 
high  electron  density  in  the  supersonic  test  section.  High-pressure  flow  visualization  produced  by  the 
plasma  makes  all  features  of  the  supersonic  flow,  including  shocks,  boundary  layers,  expansion  waves, 
and  wakes,  clearly  visible.  Attached  oblique  shock  structure  on  the  nose  of  a  35°  wedge  with  and  without 
RF  ionization  in  a  M=2  flow  is  studied  in  various  nitrogen-helium  mixtures.  It  is  found  that  the  use  of  the 
RF  discharge  increases  the  shock  angle  by  14°,  from  99°  to  113°,  which  corresponds  to  Mach  number 
reduction  from  M=2.0  to  M=1.8.  Time-dependent  measurements  of  the  oblique  shock  angle  show  that  the 
time  for  the  shock  weakening  by  the  RF  plasma,  as  well  as  the  shock  recovery  time  after  the  plasma  is 
turned  off,  is  of  the  order  of  seconds.  Since  the  flow  residence  time  in  the  test  section  is  of  the  order  often 
microseconds,  this  result  suggests  a  purely  thermal  mechanism  of  shock  weakening  due  to  heating  of  the 
boundary  layers  and  the  nozzle  walls  by  the  RF  discharge.  Gas  flow  temperature  measurements  in  flie  test 
section  using  infrared  emission  spectroscopy,  with  carbon  monoxide  as  a  thermometric  element,  are 
consistent  with  the  observed  shock  angle  change.  This  shows  that  shodk  weakening  by  the  plasma  is  a 
purely  thermal  effect.  The  results  demonstrate  the  feasibility  of  both  sustaining  uniform  ionization  in  cold 
supersonic  nitrogen  and  air  flows  and  the  use  of  nonequilibrium  plasmas  for  supersonic  flow  control.  This 
opens  a  possibility  for  the  use  of  transverse  stable  RF  discharge  for  MHD  energy  extraction  and/or 
acceleration  of  supersonic  air  flows. 

1.  Introduction  ^ 

Shock  wave  propagation  in  weakly  ionized  plasmas  (with  ionization  fraction  ne/N~10  *-10  )  has 
been  extensively  studied  for  the  last  15  years  (e.g.  see  [1-5]  and  references  therein).  The  following 
anomalous  effects  have  been  observed:  (i)  shock  acceleration;  (ii)  non-monotonic  variation  of  flow 
parameters  behind  the  shock  front;  (iii)  shock  weakening;  and  (iv)  shock  wave  splitting  and  spreading. 
These  effects  have  been  observed  in  discharges  in  various  gases  (air,  CO2,  Ar)  at  pressures  of  3-30  Torr, 
and  for  Mach  numbers  M~1.5-4.5.  They  also  persist  for  a  long  time  ^er  the  discharge  is  off. 

At  the  present  time,  no  consistent  theoretical  model  has  been  able  to  interpret  the  results  of  these 
studies  on  the  basis  of  nonequilibrium  plasma  effects  alone  [6].  On  the  other  hand,  recent  experiments  in 
a  steady-state  glow  diseharge  using  spatially  resolved  gas  temperature  measurements  by  filtered  Rayleigh 
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scattering  [7]  and  in  pulsed  glow  discharge  [7],  as  well  as  modeling  calculations  [8],  suggest  that  most  of 
diese  results  can  be  explained  by  the  nonuniform  heating  of  the  gas  flow  in  the  discharge.  A  major 
complexity  with  the  previous  experiments  on  the  anomalous  shock  weakening  and  dispersion  in 
nonequilibrium  plasmas  is  that  short-duration  test  facilities  (shock  tubes  and  ballistic  ranges)  have  been 
used.  A  second  complexity  is  the  control  of  the  test  plasma  parameters.  Ideally,  it  is  desirable  to  have 
uniform  gas  temperature,  pressure,  species  concentrations,  and  electron  density  throughout  the  test  region, 
and  these  parameters  should  remain  constant  in  time.  Finally,  in  the  previous  experiments  the  weakly 
ionized  plasma  has  been  produced  in  a  stagnant  or  very  slowly  moving  gas,  while  most  practical 
appUcations  of  shock  wave  control  by  plasmas  require  sustaining  ionization  in  a  supersonic  flow. 

The  present  study  represents  an  effort  to  address  and  circumvent  these  complexities.  The  present 
experiments  are  conducted  in  a  new,  unique,  steady-state  supersonic  flow  fecility,  with  well- 
characterized,  near  uniform,  nonequilibrium  plasma  properties.  This  fecility  allows  simultaneous 
measurements  of  the  flow  field  parameters  (such  as  temperature  and  pressure),  electric  discharge 
parameters  (current  and  voltage),  as  well  as  complete  supersonic  flow  visualization.  The  main  objective 
of  the  present  work  is  to  study  the  feasibility  of  the  supersonic  flow  modification  and  control  by 
nonequilibrium  plasmas  and  to  determine  whether  the  shock  weakening  by  plasmas  reported  in  previous 
studies  is  indeed  due  to  thermal  effects. 

2.  Experimental  Facility 

The  fecility  used  in  the  present  study  is  a  recently  developed,  small-scale,  nonequilibrium  plasma 
wind  tunnel  [9].  In  contrast  to  the  shock  tube  and  ballistic  range  studies,  it  operates  at  steady  state.  The 
schematic  of  the  wind  turmel  is  shown  in  Fig.  1 .  The  design  and  operation  of  the  wind  tunnel  has  been 
described  in  greater  detail  in  [9].  Briefly,  an  aerodynamically  stabilized  DC  diffuse  glow  discharge  in  the 
tunnel  plenum  can  be  sustained  at  high  pressures,  up  to  2/3  atm  in  nitrogen,  or  up  to  6  atm  in  helium.  This 
is  not  an  arc-heated  tunnel.  Although  the  electrical  power  into  the  discharge  is  rather  high,  up  to  500  W  in 
pure  Na,  more  than  90%  of  the  input  power  goes  into  the  vibrational  mode  of  nitrogen  [10].  In  contrast  to 
an  electric  arc,  very  little  of  the  power  goes  directly  to  gas  heating.  Therefore,  conditions  of  the  gases  at 
the  throat  exhibit  the  extreme  thermal  disequilibrium  of  the  positive  column  of  a  glow  discharge;  the 
translational/rotational  mode  temperature  is  low  (~300  K  for  an  uncooled  discharge  tube),  die  energy  in 
the  vibrational  mode  is  high  (0.1  to  0.2  eV  per  diatomic  molecule),  the  electron  density  is  ne~10‘°cm'^, 
and  the  average  electron  energy  is  in  the  1.0  eV  range. 

Downstream  of  the  discharge  section  is  a  two-dimensional  plane  supersonic  nozzle,  as  shown. 
The  nozzle  has  a  high  aspect  ratio  of  about  7.5:1,  so  that  in  the  test  section  the  nozzle  width  is  3  cm  while 
die  distance  between  the  top  and  bottom  nozzle  walls  is  4  mm.  The  top  and  bottom  walls  of  the  nozzle  are 
sUghtly  diverging  to  provide  boundary  layer  relief  in  the  third  dimension.  The  nozzle  is  made  of 
transparent  acrylic  plastic,  with  glass  and  CaF2  windows,  which  allow  optical  access  to  the  test  section. 
Fabrication  and  use  of  a  range  of  nozzles  with  varying  expansion  ratios  and  test  section  lengths  is 
straightforward  and  rapid.  The  system  is  connected,  through  a  simple  chaimel  diffuser,  to  a  ballast  tank 
pumped  by  a  several  hundred  cfin  vacuum  pump,  (deration  at  relatively  high  plenum  pressures  creates  a 
supersonic  flow,  of  reasonable  quality  (—75%  inviscid  core),  in  the  test  section  of  Ihe  tunnel  [9].  At  M=2, 
run  durations  of  at  least  a  few  minutes  are  attained.  An  important  feature  of  the  nozzle  operation  is  that 
high  level  of  vibrational  excitation  existing  at  the  nozzle  entrance  persists  throughout  the  nozzle  length. 
The  vibrational  temperature  of  nitrogen  is  essentially  fi'ozen  at  the  throat  values.  Also,  the  electron-ion 
recombination  in  the  expansion  into  the  test  section  of  the  tunnel  is  sufficiendy  slow,  so  that  the 
ionization  fraction  produced  in  the  DC  discharge  in  plenum  (Ue/N-lO  ®)  remains  nearly  constant  [9]. 

Our  previous  experiments  in  the  M=3  supersonic  flowing  afterglow  with  ionization  sustained  by 
the  DC  discharge  in  plenum  [9]  did  not  show  any  measurable  shock  modification  by  the  plasma.  One 
possible  reason  for  that  was  the  low  ionization  finction  in  the  test  section,  Ue/N— 10  In  previous  shock 
tube  and  ballistic  range  Kq)eriments  which  demonstrated  considerable  shock  dispersion  and  weakening 
[1-5]  the  ionization  fraction  was  in  the  range  10  *-10'®.  In  the  present  study,  the  electron  density  in  the  test 
section  is  considerably  increased  by  using  a  transverse  RF  discharge.  It  is  well  known  that  RF  discharges 
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with  dielectric-covered  electrodes  are  considerably  more  stable  than  DC  discharges  [10],  The  main  reason 
for  this  is  that  this  type  of  RF  discharge  does  not  form  unstable  high  electric  field  cathode  layers  where 
ionization  is  sustain^  by  secondary  electron  emission  [11].  This  prevents  formation  of  cathode  spots  with 
the  normal  current  density  [10]  and  therefore  allows  considerable  increase  of  the  electrode  surfece  area 
and  the  volume  occupied  by  a  uniform  discharge.  In  the  present  experiment,  the  RF  discharge  is  sustained 
between  17  mm  long,  4  mm  wide  strip  electrodes  embedded  in  the  top  and  bottom  nozzle  walls,  as  shown 
in  Fig.l.  Both  RF  electrodes  are  covered  with  layers  of  1-2  mm  thick  Pyrex  glass  to  prevent  secondary 
electron  emission  which  results  in  the  discharge  collapse  into  an  arc.  The  electrodes  do  not  extend  wall  to 
wall,  which  would  produce  considerable  discharge  and  temperature  nonuniformity  in  the  boundary  layers 
because  of  the  long  flow  residence  time  there.  The  RF  voltage  was  applied  to  the  electrodes  using  a  13.56 
MHz,  600  W  ACG-6B  RF  power  supply  and  a  3  kW  MFJ-949E  tuner  was  used  for  RF  circuit  impedance 
matching.  Typically,  the  reflected  RF  power  did  not  exceed  5-10%  of  the  forward  power.  This  allowed 
sustaining  a  stable,  diffiise,  and  imiform  transverse  discharge  in  pure  nitrogen,  in  N2-He  mixtures,  and  in 
air.  Note  that  initiating  and  sustaining  of  the  RF  discharge  did  not  require  flow  pre-ionization  by  the  DC 
discharge  upstream.  The  RMS  RF  voltage  and  current  were  varied  in  the  range  0.8-1.75  kV  and  80-280 
mA.  The  estimated  test  section  electron  density  at  these  conditions  is  up  to  ne=(2-3)  l0'*  cm'^  (i.e.  two 
orders  of  magnitude  higher  than  produced  by  the  DC  discharge),  which  gives  an  ionization  fiaction  of 
ne/N-lO’ 

For  the  shock  control  studies  reported  here,  an  8  mm  long  35°  plastic  wedge  is  inserted  into  the 
supersonic  ionized  flow  a  few  millimeters  downstream  of  the  RF  electrodes,  as  shown  in  Fig.  1.  With  this 
system,  the  effect  of  the  nonequilibrium  plasmas  on  the  strength  of  the  resultant  oblique  shock  attached  to 
the  nose  of  the  wedge  can  be  studied  in  detail,  in  a  steady  and  well-controlled  plasma  environment.  The 
objective  of  the  experiments  is  to  measure  the  oblique  shock  angle,  under  both  plasma  on  and  plasma  off 
conditions.  Previously  it  has  been  reported  that  the  effect  of  the  plasma  is  to  weaken  the  shock.  This 
should  produce  an  apparent  reduction  of  the  shock  Mach  number  and  therefore  increase  the  oblique  shock 
angle.  Unlike  our  previous  work  [9]  where  the  shock  angle  was  measured  using  a  schlieren  system,  in  the 
present  experiments  the  high-pressure  supersonic  plasma  flow  visualization  technique  [9]  is  used  for 
shock  ahgle  measurements.  Since  our  previous  experiments  showed  that  the  aerodynamically  stabilized 
DC  discharge  sustained  in  the  nozzle  plenum  did  not  produce  any  detectable  shock  angle  change,  in  the 
present  study  this  discharge  is  primarily  used  for  the  flow  visualization.  Flow  unages  were  taken  using  a 
high-resolution  monochrome  COHU-4910  camera  and  a  SONY  digital  video  camera.  On  the  other  hand, 
the  transverse  RF  discharge  sustained  in  the  test  section  is  mainly  used  to  produce  high  electron  densities 
comparable  with  those  obtained  in  previous  plasma  shock  experiments  [1-5],  to  study  the  feasibility  of 
shock  Weakening  by  the  plasma. 

To  determine  whether  the  shock  modification  by  the  plasma  is  thermal,  i.e.  produced  by  Joule 
hpiating  of  the  incident  supersonic  flow  by  the  discharge,  the  flow  temperature  in  the  test  section  is 
measured  using  infiared  emission  spectroscopy.  For  this,  a  small  amount  of  infiared  active  gas  (2-4%  of 
carbon  monoxide)  is  added  to  the  gas  mixture.  The  rotational  temperature  of  the  flow  is  inferred  fi-om 
high-resolution  CO  infiared  emission  spectra  taken  with  a  Bruker  Fourier  transform  infirared  (FUR)  IFS- 
66  spectrometer.  Each  temperature  measurement  took  about  30  seconds.  Because  of  the  relatively  high 
flow  density  (about  1/10  of  the  atmospheric  density),  the  rotational  and  translational  mode  temperatures 
are  in  equilibrium. 

3.  Results  and  Discussion 

Most  experiments  have  been  conducted  in  various  N2-He  gas  mixtures  at  the  same  plenum 
pressure  of  Po=250  torr.  The  amount  of  nitrogen  in  the  gas  mixture  was  varied  fi-om  10%  to  100%.  The 
main  reason  for  adding  helium  to  the  gas  mixture  was  to  lower  the  voltage  required  for  sustaining  the  DC 
discharge  (U=8-12  kV  in  a  30%  N2  -  70%  He  mixture  vs.  U=20-25  kV  in  pure  nitrogen),  as  well  as  to 
lower  the  power  needed  to  sustain  the  RF  discharge.  However,  both  DC  and  RF  discharges  were  equally 
diffuse  and  stable  both  in  N2-He  mixtures  and  in  pure  nitrogen. 
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With  the  DC  and/or  RF  discharge  on,  the  nozzle,  test  section,  and  diffuser  are  filled  with  bright 
visible  emission,  arising  primarily  fi'om  the  well-known  second  positive  bands  of  nitrogen,  C^n„->B^Eg, 
and  from  the  blue  lines  of  helium  [9],  Figure  2  shows  typical  color  images  of  the  flow  field  around  a  35° 
wedge  in  the  test  section  in  a  50%  N2  -  50%  He  mixture,  with  only  the  DC  discharge  on  and  both  DC  and 
RF  discharges  on.  One  can  see  that  the  visible  emission  makes  all  features  of  the  supersonic  flow, 
including  shocks,  boundary  layers,  expansion  waves,  and  wakes,  clearly  visible.  Detailed  interpretation  of 
the  flow  visualization  mechanism  is  beyond  the  scope  of  the  present  paper;  a  brief  discussion  of  the 
possible  kinetic  mechanisms  involved  can  be  found  in  [9].  In  addition  to  the  primary  oblique  shocks.  Fig. 

2  also  displays  a  pair  of  feinter  secondary  oblique  shocks  produced  by  the  supersonic  flow  reflection  off 
the  boimdary  layer  growing  on  the  wedge  walls,  luminous  boimdary  layers,  centered  expansion  waves 
where  the  supersonic  flow  turns  a  comer,  and  the  dark  wake  behind  the  wedge.  All  these  features  can  be 
observed  in  real  time  simply  by  looking  at  the  wind  tunnel  during  its  operation.  Note  that  a  slight 
curvature  of  the  primary  oblique  shock  near  the  nose  of  the  wedge  is  due  to  a  slight  gap  between  the 
wedge  and  one  of  tiie  nozzle  walls,  rather  than  the  incident  plasma  flow  nonuniformity.  Indeed,  Fig.  3 
shows  a  high-resolution  monochrome  image  of  the  test  section  flow  field  in  the  same  gas  mixture  but  in  a 
different  nozzle  with  a  much  better  fit  between  the  wedge  and  the  walls.  One  can  see  that  in  this  case  the 
obUque  shock  is  nearly  perfectly  straight.  The  shock  angle  of  a=100°  indicates  a  test  section  Mach 
number  of  M=1.96.  In  all  experiments  discussed  in  the  present  paper  the  DC  discharge  section  used  to 
produce  a  supersonic  flowing  afterglow  is  the  same. 

Turning  the  RF  discharge  on  and  off  during  the  wind  tunnel  operation  resulted  in  a  considerable 
shock  angle  increase.  The  DC  discharge  was  on  all  the  time  to  provide  plasma  flow  visualization  and 
enable  shock  angle  measurements  with  the  RF  discharge  off.  Figure  4  shows  two  high-resolution 
monochrome  flow  images  in  a  30%  N2  -  70%  He  mixture  with  the  RF  discharge  on  and  off.  In  this 
experiment,  the  DC  discharge  voltage  and  current  were  1 1  kV  and  1 1  mA,  respectively,  so  the  total  DC 
power  added  to  the  flow  is  about  70  W  (with  about  50  W  dissipated  on  a  400  KQ  ballast  resistor).  The  RF 
discharge  RMS  voltage  and  RMS  current  were  1 100  V  and  180  mA,  respectively,  so  the  total  RF  power 
was  about  200  W.  The  electron  density  in  the  RF  discharge,  estimated  from  flie  RF  current,  is  n^-lO" 
cm'^,  and  the  ionization  finction  is  ne/N~10'’.  From  Fig.  4  one  can  see  that  the  shock  angle  increases  from 
a=99°  to  a=l  13°,  which  corresponds  to  a  flow  Mach  number  reduction  from  M=2.0  to  M=1.8.  Figure  5 
also  shows  a  flow  image  composed  of  two  separate  frames,  with  the  RF  discharge  on  and  off.  Both  frames 
have  been  differentiated  using  a  Scion  Image  software  package  to  highlight  the  location  of  the  shock  front 
and  then  added  together.  From  Fig.  5,  one  can  clearly  see  two  shock  fronts  with  distinctly  different 
angles,  the  larger  angle  corresponding  to  the  frame  with  the  RF  discharge  on. 

Using  a  COHU  monochrome  camera,  we  took  a  series  of  still  flow  flames  during  the  run.  The 
fiames  were  taken  at  a  frequency  of  approximately  1  frame/second.  The  objective  was  to  look  at  the  time- 
dependent  behavior  of  the  oblique  shock  with  the  RF  discharge  turned  on  and  off.  Figure  6  shows  the 
oblique  shock  angle  as  a  function  of  the  frame  number  (i.e.  time).  One  can  see  that  after  the  RF  discharge 
is  turned  on,  the  shock  angle  slowly  (on  the  order  of  a  few  seconds)  increases  and  reaches  the  near  steady 
state.  After  flie  RF  discharge  is  off,  the  reverse  process  (i.e.  shock  angle  recovery  to  its  initial  value)  also 
takes  a  few  seconds.  Note  that  the  flow  residence  time  in  the  test  section  is  of  the  order  of  ten 
microseconds.  During  these  experiments,  both  DC  and  RF  voltage  and  current  remained  nearly  constant 
in  time. 

The  slow  shock  angle  increase  and  recovery  suggest  a  purely  thermal  mechanism,  i.e.  the  heating 
of  the  boundary  layer  in  the  third  dimension  (along  the  line  of  sight)  and  the  nozzle  walls  near  the  RF 
discharge  electrodes,  which  may  well  take  a  few  seconds.  The  observed  Mach  number  reduction  is 
consistent  with  a  flow  temperature  increase  by  AT=24  K  (this  number  is  obtained  for  a  one-dimensional 
Rayleigh  flow  at  M=2  with  y=1.55).  In  the  present  experiments,  we  never  observed  the  anomalous  shock 
behavior  previously  reported  by  several  groups  [1-5]  (such  as  shock  dispersion,  shock  splitting,  and 
“precursor”  formation  in  front  of  flie  shock).  The  shock  front  is  always  clearly  defined,  and  no  visible 
splitting  occurs  (e.g.  see  Figs.  4,5).  We  believe  that  these  previously  reported  effects  are  most  likely  to  be 
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due  to  nonuniform  heating  of  the  flo\v  by  the  discharge,  which  in  the  present  experiment  is  reduced  to  a 
minimum. 

To  determine  whether  the  observed  shock  weakening  is  indeed  a  purely  thermal  effect,  we 
measured  the  flow  temperature  in  the  test  section,  with  only  the  DC  discharge  on,  with  only  the  RF 
discharge  on,  and  with  both  discharges  on,  using  infrared  emission  spectroscopy.  For  the  temperature 
measurements,  10  torr  of  CO  was  added  to  the  baseline  75  torr  N2  /  175  torr  He  mixture.  The  temperature 
was  measured  downstream  of  the  RF  electrodes  but  upstream  of  the  wedge  model,  halfway  between  the 
nozzle  axis  and  the  wall.  The  FTIR  signal  was  collected  from  a  region  of  about  1  mm^  area,  while  the  rest 
of  the  nozzle  was  masked  off.  However,  the  resultant  CO  fundamental  emission  spectrum  is  integrated 
along  the  line  of  sight  in  the  third  dimension  across  the  nozzle,  which  includes  the  boundary  layers  near 
the  top  and  the  bottom  nozzle  walls. 

Figure  7  shows  two  typical  CO  fundamental  emission  spectra  (R-branch  of  the  1-^0  band)  taken 
with  only  the  DC  discharge  on  and  with  only  the  RF  discharge  on.  The  DC  discharge  voltage  and  current 
were  19.6  kV  and  24.0  mA,  respectively,  with  about  230  W  power  added  to  the  flow.  The  RF  RMS 
voltage  and  current  were  1.6  kV  and  120  mA,  with  the  total  RF  power  of  about  200  W.  Note  that  the 
measured  CO  l->0  emission  intensity  in  the  DC  discharge  afterglow  exceeds  the  emission  intensity  in  the 
RF  discharge  afterglow  by  about  a  fector  of  five  (see  Fig.  7).  Also,  the  CO  spectrum  in  the  RF  discharge 
afterglow  has  a  very  weak  2-^1  band  (a  second  series  of  rotational  lines  below  2170  cm'',  see  Fig.  7). 
This  shows  that  the  CO  vibrational  temperature  in  the  RF  discharge  is  considerably  lower  than  in  the  DC 
discharge.  In  other  words,  in  the  RF  ^charge  a  much  smaller  fiaction  of  the  input  power  goes  into 
vibrational  excitation,  while  more  power  goes  intb  excitation  of  more  rapidly  relaxing  electronic  states  of 
N2  and  He  and  ultimately  into  gas  heating.  This  is  consistent  with  the  estimated  reduced  electric  field 
values,  (E/N)dcs510‘'®  V  cm^  and  (E/N)dcs1010  '®  V-cm^.  Thus,  die  transverse  RF  discharge  is  expected 
to  heat  the  gas  flow  more  efficiently  than  the  DC  discharge. 

Figure  8  shows  Boltzmann  plots  obtained  from  two  CO  emission  spectra,  one  with  230  W  DC 
added  to  the  flow,  and  the  other  with  230  W  DC  and  200  W  RF  coupled  to  the  flow.  One  can  see  that  in 
both  cases  the  flow  is  optically  thin  for  the  CO  emission  since  there  is  no  significant  self-absorption 
among  the  low  rotational  levels.  The  best  fit  to  the  data  obtained  using  the  rotational  maxima  between 
J'=l  and  J'=12  corresponds  to  the  translational-rotational  temperatures  of  T=190  K  and  221  K  for  these 
two  cases.  However,  the  best  fit  to  the  rotational  maxima  from  J -13  and  J -19  gives  the  temperatures  of 
T=200  and  271  K,  respectively.  This  result  most  likely  indicates  a  temperature  nonuniformity  across  the 
line  of  sight  with  the  lower  temperature  in  the  inviscid  core  and  the  higher  recovery  temperature  in  the 
boundary  layer. 

Figure  9  shows  the  flow  temperature  as  a  function  of  the  RF  discharge  power  added  to  the  flow. 
At  each  v^ue  of  the  RF  power,  the  temperature  was  measured  both  wifti  the  230  W  DC  discharge  on  and 
off.  One  can  see  that  when  200  W  RF  power  is  added  to  the  flow,  the  temperature  inferred  from  the  low 
rotational  level  populations  (J'=l-12)  increases  by  only  AT=15  K,  while  the  temperature  inferred  from  the 
high  rotational  levels  populations  (J'=12-19)  rises  by  AT=50  K.  The  temperature  inferred  from  all 
available  data  (J'=l-19)  increases  by  AT=35  K  This  can  be  interpreted  as  preferential  heating  of  the 
boundary  layers  by  the  RF  discharge.  This  temperature  increase  is  consistent  with  the  one-dimettsional 
estimate  of  the  temperature  rise  needed  to  explain  the  observed  shock  angle  change  by  the  flow  heating, 
AT=24  K.  Thus  ftie  temperature  measurements,  in  addition  with  the  extremely  slow  shock  weakening  and 
recovery  (see  Fig.  6)  suggest  that  the  shock  control  by  the  plasma  is  a  purely  ftiermal  effect. 

The  emission  spectroscopy  measurements  also  explain  why  the  use  of 200  W  RF  power  results  in 
a  substantial  shock  w^ikening,  while  adding  500  W  of  DC  power  to  the  flow  does  not  produce  any 
detectable  effect  on  the  shock  angle  [9].  Basically,  it  occurs  because  in  the  transverse  RF  discharge  a 
larger  fiaction  of  the  electric  field  power  goes  to  gas  heating,  which  preferentially  occurs  in  the  boundary 
layers. 

An  additional  run  was  conducted  in  a  10%  N2  /  90%  He  mixture.  In  flows  with  large  fiaction  of 
helium,  the  oblique  attached  shock  becomes  strongly  curved  and  closely  resembles  a  bow  shock.  With 
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both  30  W  DC  discharge  and  100  W  RF  discharge  turned  on,  the  shock  stand-off  distance  increased  by 
about  0. 1  mm  (see  Fig.  10). 

In  the  last  series  of  experiments,  the  nonequilibrium  plasma  wind  tunnel  fecility  was  operated  in 
atmospheric  air.  Room  air  entered  the  nozzle  plenum  at  the  pressure  Po=250  torr  through  a  valve  opened 
in  the  gas  line  upstream  and  the  transverse  RF  discharge  was  initiated  in  the  supersonic  test  section.  As  in 
all  previous  runs  in  N2-He  mixtures  and  in  nitrogen,  the  discharge  in  air  was  difiiise  and  stable,  with  no 
sign  of  arc  filaments  (see  Fig.  11).  The  only  significant  difference  from  the  N2-He  runs  was  that  the 
visible  afterglow  in  air  was  nearly  absent  due  to  very  rapid  relaxation  of  radiating  electronically  excited 
molecules,  which  did  not  allow  straightforward  plasma  flow  visualization.  For  this  reason,  no  plasma 
shock  weakening  measurements  in  air  have  been  performed.  However,  such  measurements  can  be  easily 
made  on  the  present  fiicility  using  a  conventional  schlieren  system  available  in  our  group.  These 
experiments  showed  that  imiform  and  stable  plasma  with  the  electron  density  of  ne=(2-3)*  lO”  cm  ^  can  be 
sustained  in  supersonic  air  flows  using  a  transverse  RF  discharge.  Both  electron  density  and  ionization 
efficiency  are  expected  to  be  considerably  increased  by  replacing  the  sine  wave  RF  voltage  by  a  series  of 
very  short  high-voltage  pulses,  such  as  been  done  in  high-power  CO  lasers  [12].  This  would  allow 
operation  at  a  very  low  duty  cycle  and  would  therefore  greatly  improve  the  discharge  stability  and  the 
plasma  power  budget  [12],  thereby  opening  a  possibility  of  the  use  of  transverse  high-frequency  pulsed 
discharges  for  MHD  energy  extraction  and/or  acceleration  of  supersonic  air  flows  [13,14].  The  high 
voltage,  high  repetition  rate  pulsed  power  supply  for  this  application  is  currently  being  developed  at  Ohio 
State. 

4.  Summary 

A  unique  supersonic  nonequilibrium  plasma  wind  tunnel,  which  produces  a  highly 
nonequilibrium  plasma  flow  with  low  gas  kinetic  temperatures  at  M=2,  is  used  for  studies  of  shock 
modification  by  nonequilibrium  plasmas.  Supersonic  flow  is  maintained  at  complete  steady  state.  The 
flow  is  ionized  by  a  high-pressure  aerodynamically  stabilized  DC  discharge  in  the  tunnel  plenum  and  by  a 
transverse  RF  discharge  in  the  supersonic  test  section.  The  DC  discharge  is  primarily  used  for  the 
supersonic  flow  visualization,  while  the  RF  discharge  provides  hi^  electron  density  for  shock 
modification  in  the  supersonic  test  section.  High-pressure  flow  visualization  produced  by  the  plasma 
makes  all  features  of  the  supersonic  flow,  including  shocks,  boundary  layers,  expansion  waves,  and 
wakes,  clearly  visible.  Attached  obUque  shock  structure  on  the  nose  of  a  30°  wedge  with  and  without  RF 
ionization  in  a  M=2  flow  is  Studied  in  various  nitrogen-helium  mixtures.  It  is  found  that  the  use  of  the  RF 
discharge  increases  the  shock  angle  by  14°,  from  99°  to  113°,  which  corresponds  to  Mach  number 
reduction  from  M=2.0  to  M=1.8.  Time-d^endent  measurements  of  the  oblique  shock  angle  show  that  the 
time  for  the  shock  weakening  by  the  plasma,  as  well  as  the  shock  recovery  time  after  the  plasma  is  turned 
off,  is  of  the  order  of  seconds.  Since  the  flow  residence  time  in  the  test  section  is  of  the  order  of  ten 
microseconds,  fliis  result  suggests  a  purely  thermal  mechanism  of  shock  weakening  due  to  hea^g  of  the 
boundary  layers  and  the  nozzle  walls  by  the  discharge.  Gas  flow  temperature  measurements  in  the  test 
section  using  infrared  emission  spectroscopy,  with  carbon  monoxide  as  a  thermometric  element,  are 
consistent  with  the  observed  shock  angle  chaise.  This  also  shows  that  shock  weakening  by  the  plasma  is 
a  purely  thermal  effect.  The  results  demonstrate  feasibility  of  both  sustaining  uniform  ionization,  with 
electron  density  up  to  ne=(2-3)-10**  cm'^  in  supersonic  nitrogen  and  air  flows  and  the  use  of 
nonequilibrium  plasmas  for  supersonic  flow  control.  This  Opens  a  possibility  for  the  use  of  transverse 
stable  RF  discharges  for  nonequilibrium  MHD  energy  extraction  and/or  acceleration  of  supersonic  air 
flows. 
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Figure  L  Schematic  of  the  wind  tunnel  experiment 


Figure  2.  Plasma  flow  visualization  in  a  50%  N2  -  50%  He  mixture.  Top, 
only  DC  discharge  is  on;  bottom,  both  DC  and  RF  discharges  are  on. 


Figure  3.  Plasma  flow  visualization  in  a  50%  Na  -  50%  He  mixture.  Only  DC  discharge  is  on.  The 
wedge  full  angle  is  35°,  the  shock  fiill  angle  is  100°,  which  indicates  the  Mach  number  of  M=1.96 


Figure  4.  Shock  weakening  by  the  plasma  in  a  30%  N2-  70%  He  mixture.  Left, 
only  DC  discharge  on  (a=99°);  right,  both  DC  and  RF  discharges  are  on  (a=l  B'). 
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Figure  5.  Shock  weakening  by  the  plasma  in  a  30%  N2  -  70%  He  mixture.  Two  flow  images 
with  RF  discharge  off  and  ^  discharge  on  are  differentiated  to  highlight  the  shock  front 
location  and  then  added  together.  The  larger  angle  shock  (117°)  corresponds  to  the  “RF  on” 
frame,  and  the  smaller  angle  shock  (105°)  corresponds  to  the  “RF  off”  frame 


Shock  angle 


Figure  6.  ObUque  shock  angle  as  a  fimction  of  a  frame  number  (i.e.  time)  in  a  30%  N2  -  70%  He  mixture. 
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Wavenumbers 


Figure  7.  Typical  test  section  R-branch  l->0  CO  emission  spectra 
in  a  75  torr  N2  /  175  torr  He  /  10  torr  CO  mixture. 


Inp^/CJ+r+l)] 


Figure  8.  Botzmann  plots  of  the  CO  emission  spectra  in  a  75  torr  N2  / 175  torr  He  /  10 
torr  CO  mixture,  (a)  only  DC  discharge  is  on,  (b)  both  DC  and  RF  discharges  are  on 


Rotational  temperature,  K 


Figure  9.  Test  section  temperature  in  a  75  torr  N2  /  175  torr  He  /  10  torr  CO 
mixture  as  a  function  of  the  RF  discharge  power.  At  each  value  of  RF  power,  the 
temperature  is  measured  both  with  the  230  W  DC  discharge  on  and  off. 


Figure  10.  Oblique  shock  and  bow  shock  in  a  10%  N2  /  90%  He  mixture.  Left,  RF 
discharge  off;  ri^t,  RF  discharge  on.  Shock  stand-off  distance  increase  is  0.1  mm 
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Figure  11.  Transverse  RF  discharge  in  atmospheric  air.  Po=250  torr 
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Abstract 

The  paper  discusses  results  of  an  experimental  study  of  shock  modification  in  a  M==2.5 
supersonic  flow  of  nonequilibrium  plasma  over  a  cone.  The  experiments  are  conducted  at  a 
nonequilibrium  plasma  supersonic  wind  tunnel.  Recent  experiments  at  Ohio  State  using 
supersonic  plasma  flow  over  a  quasi-two-dimensional  wedge  showed  that  an  oblique  shock  can 
be  considerably  weakened  by  a  transverse  RF  discharge  plasma.  The  previously  observed  shock 
weakening,  however,  has  been  found  consistent  with  a  temperature  rise  in  the  boundary  layers 
heated  by  the  discharge.  In  the  present  study,  the  boundary  layer  effects  are  reduced  by  placing 
an  entire  cone  model  into  a  supersonic  inviscid  core  flow.  Electron  density  in  the  supersonic 
plasma  flow  in  the  test  section  is  measured  using  microwave  attenuation.  The  ionization  fraction 
in  the  discharge  is  in  the  same  range  as  in  the  previous  plasma  shock  experiments,  up  to 
ne/N=(l. 2-3.0)*  10'^.  The  results  do  not  show  any  measurable  shock  weakening.  This  strongly 
suggests  that  the  previously  observed  shock  weakening  and  dispersion  in  nonequilibrium 
plasmas  are  entirely  due  to  thermal  effects. 


1.  Introduction 

Shock  wave  propagation  in  weakly  ionized  glow  discharge  plasmas  (with  ionization  fraction  of 
ne/N-lO'^-lO"^)  W  been  extensively  studied  over  the  last  15  years,  both  in  Russia  [1-11]  and  in 
the  U.S.  [12-20].  A  number  of  anomalous  effects,  such  as  shock  acceleration,  weakening,  and 
dispersion,  have  been  reported.  These  effects  have  been  observed  in  discharges  in  various  gases 
(air,  Na,  Ar)  at  pressures  up  to  P=30  Toir,  and  for  Mach  numbers  M=l. 5-4.5.  They  also  persist 
for  a  long  time  after  the  discharge  is  off  (up  to  ~1  ms).  These  results  led  to  a  suggestion  tMt  the 
anomalous  shock  wave  behavior  in  nonequilibrium  plasmas  is  primarily  due  to  the  effect  of  the 
speed  of  sound  and  the  flow  field  modification  by  the  charged  species  (e.g.  ion-acoustic  wave) 
[21]  or  by  the  metastable  species  [22-24]  present  in  the  plasma. 
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Recent  experimental  and  modeling  results  suggest  that  these  effects  can  in  fact  be  explained  by 
non-uniform  gas  heating  in  the  discharge.  Indeed,  pulsed  glow  discharge  /  shock  tube 
experiments  [15]  demonstrate  that  shock  weakening  and  dispersion  in  glow  discharge  plasmas 
are  no  longer  observed  when  the  gas  temperature  gradients  are  reduced  to  a  minimum.  In 
addition,  several  computational  fluid  dynamics  models  predict  acceleration,  weakening,  and 
dispersion  of  the  shock  wave  propagating  across  axial  and  radial  temperature  gradients  (without 
plasmas)  [25-27],  fairly  consistent  with  the  experiments.  Finally,  analysis  of  possible  plasma- 
related  mechanisms  of  the  flow  field  modification  (ion-acoustic  waves,  energy  storage  by 
metastable  species,  etc.)  shows  that  both  these  phenomena  have  negligible  effect  on  the  shock 
wave  propagation  [28].  This  occurs  for  two  basic  reasons;  (i)  the  ionization  fraction  in  these 
plasmas  is  far  too  low  for  the  charged  species,  perturbed  by  the  shock,  to  produce  significant 
coupling  with  the  neutral  species  flow  field;  and  (ii)  the  amount  of  energy  stored  in  the 
metastables  is  too  low,  or  the  metastable  relaxation  rate  is  too  slow  to  affect  the  energy  balance 
in  the  shock. 

Recently,  experimental  studies  of  shock  modification  have  been  conducted  at  Ohio  State  using  a 
nonequilibrium  plasma  supersonic  wind  tunnel  [17-19].  In  this  experiment,  an  oblique  shock 
attached  to  a  wedge  located  in  a  supersonic  flow  of  a  cold,  nonequilibrium  N2-He  plasma  was 
monitored  using  high-pressure  plasma  flow  visualization.  The  plasma  was  produced  by  an 
aerodynamically  stabilized  difflise  DC  glow  discharge  [17]  sustained  in  the  tunnel  plenum  and 
by  a  transverse  RF  discharge  [18]  sustained  in  the  supersonic  test  section.  The  advantage  of  this 
experiment  is  that  a  stationary  shock  is  observed  in  a  steady  state  plasma  flow  with  well- 
characterized  parameters.  In  addition,  in  this  experiment  the  ionization  is  sustained  in  a  cold 
supersonic  flow  without  producing  considerable  gas  heating.  In  other  words,  the  thermal  and 
ionization  effects  are  uncoupled.  Such  an  experiment  can  determine  whether  ionization 
contributed  to  acceleration,  weakening,  and  dispersion  of  shock  waves  in  glow  discharge 
plasmas  observed  in  previous  experiments  [1,2,12,13]  or  whether  these  effects  are  entirely  due  to 
radial  and  axial  temperature  gradients  present  in  the  plasma. 

Our  previous  measurements  [18]  showed  considerable  shock  angle  increase  with  the  RF 
discharge  turned  on,  i.e.  shock  weakening.  With  the  RF  discharge  on,  the  shock  angle  increased 
from  its  baseline  value  of  a=99®  to  a'=113°,  which  corresponds  to  an  apparent  Mach  number 
reduction  from  M=2.06  to  M=1.88.  However,  both  the  observed  shock  weakening  and  its 
subsequent  recovery  after  the  RF  discharge  was  turned  off  occurred  on  a  long  time  scale,  over  a 
few  seconds.  For  comparison,  the  supersonic  flow  residence  time  in  the  test  section  is  of  the 
order  of  50  psec.  In  addition,  the  observed  Mach  number  reduction  was  found  to  be  consistent 
with  the  temperature  increase  in  the  boundary  layers  on  the  test  section  walls,  adjacent  to  the 
transverse  RF  discharge  electrodes.  These  observations  suggest  that  the  observed  shock 
weakening  is  likely  to  be  due  to  thermal  effects,  in  particular,  oblique  shock  interaction  with  the 
heated  boundary  layers. 

The  present  paper  discusses  the  results  of  a  follow-on  experimental  study  where  the  boundary 
layer  effects  on  the  shock  are  reduced.  The  main  objective  of  this  work  is  to  determine  whether 
the  shock  weakening  by  plasmas  reported  in  previous  studies  at  Ohio  State  and  elsewhere  is 
indeed  due  to  thermal  effects. 
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2.  Experimental  Facility 

The  facility  used  in  the  present  study  is  a  modification  of  a  recently  developed,  small-scale, 
steady-state  nonequilibrium  plasma  wind  tunnel  [17-19],  The  design  and  operation  of  the  wind 
tunnel  has  been  described  in  greater  detail  in  Refs.  [17,18],  Briefly,  the  supersonic  flow  of 
nonequilibrium  plasma  in  the  wind  tunnel  is  produced  by  an  aerodynamically  stabilized  diffuse 
DC  glow  discharge  [17]  sustained  in  the  tunnel  plenum  and  by  a  transverse  RF  discharge  [18] 
sustained  in  the  supersonic  test  section.  Both  discharges  can  be  sustained  at  quite  high  plenum 
and  test  section  pressures,  up  to  Po-2/3  atm  and  Ptest=0- 1  atm,  respectively,  in  nitrogen  and  air. 
Operation  at  relatively  high  plenum  pressures  creates  a  supersonic  flow  of  reasonable  quality 
(-75%  inviscid  core),  in  the  test  section  of  the  tunnel  [17],  At  M=2,  run  durations  of  at  least  a 
few  minutes  are  attained  [18],  This  is  not  an  arc-heated  tunnel.  Although  the  electrical  power 
into  the  discharges  can  be  rather  high,  up  to  500  W  DC  and  300  W  RF  in  pure  N2,  up  to  about 
90%  of  the  input  power  goes  into  the  vibrational  and  electronic  energy  modes  of  nitrogen  [29], 
In  contrast  to  an  electric  arc,  very  little  of  the  power  goes  directly  to  gas  heating.  Therefore, 
conditions  of  the  gases  in  the  test  section  exhibit  the  extreme  thermal  disequilibrium  of  the 
positive  column  of  a  glow  discharge;  the  translational/rotational  mode  temperature  is  low  (-100- 
200  K),  the  energy  in  the  vibrational  mode  is  high  (0. 1  to  0.2  eV  per  diatomic  molecule),  the 
electron  density  is  ne-10“  cm'^,  and  the  average  electron  energy  is  in  the  1.0  eV  range. 

Downstream  of  the  plenum  /  DC  discharge  section  is  a  9  cm  long,  rectangular  cross  section 
supersonic  nozzle,  shown  in  Figure  1.  The  nozzle  is  made  of  transparent  acrylic  plastic,  with  a 
CaFi  window,  which  provides  optical  access  to  the  test  section.  Fabrication  and  use  of  a  range  of 
nozzles  with  varying  expansion  ratios  and  test  section  lengths  is  straightforward  and  rapid.  The 
nozzle  is  connected,  through  a  simple  step  diflfiiser,  to  a  ballast  tank  pumped  by  a  several 
hundred  cfm  vacuum  pump.  To  reduce  the  effect  of  the  side  wall  boundary  layers  on  the 
supersonic  inviscid  core  flow,  the  side  walls  of  the  nozzle  are  diverging  at  a  constant  angle  of 
5.5°.  This  also  allows  accommodation  of  a  small  plastic  cone  model  in  the  test  section.  The 
nozzle  throat  and  exit  dimensions  are  17  mm  x  3  mm  and  29  mm  x  20  mm,  respectively.  During 
the  wind  tunnel  operation,  static  pressure  in  the  test  section  is  monitored  using  two  pressure  taps 
in  the  top  nozzle  wall,  one  between  the  RF  electrodes  and  the  other  approximately  halfway 
between  the  electrodes  and  the  diffuser  (see  Fig.  1).  The  diameter  of  the  pressure  taps  is  about 
0.2  mm. 

In  the  present  experiment,  the  DC  discharge  in  the  nozzle  plenum  is  used  only  for  the  supersonic 
plasma  flow  visualization  [17,18],  Our  previous  experiments  [17]  showed  that  turning  the  DC 
discharge  on  and  off  does  not  produce  a  detectable  effect  of  the  shock  angle.  On  the  other  hand, 
the  RF  discharge  is  primarily  used  to  produce  ionization  in  the  supersonic  test  section.  The  RF 
discharge  is  sustained  between  17  mm  long,  4  mm  wide  strip  copper  electrodes  embedded  in  the 
nozzle  side  walls,  as  shown  in  Fig.  1.  Both  RF  electrodes  are  placed  inside  the  C-shaped 
rectangular  quartz  channels,  as  shown  in  Fig.  1,  to  prevent  secondary  electron  emission  which 
would  result  in  the  discharge  collapse  into  an  arc.  The  thickness  of  the  quartz  layers  between  the 
electrodes  and  the  flow  is  1  mm.  The  electrodes  do  not  extend  wall  to  wall  (see  Fig.  1),  since  this 
would  produce  considerable  discharge  and  temperature  nonuniformity  in  the  boundary  layers 
because  of  the  long  flow  residence  time  there.  The  RF  voltage  was  applied  to  the  electrodes 
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using  a  13.56  MHz,  600  W  ACG-6B  RF  power  supply  and  a  3  kW  MFJ-949E  tuner  was  used  for 
RF  circuit  impedance  matching.  Typically,  the  reflected  RF  power  did  not  exceed  3-5%  of  the 
forward  power.  This  allowed  sustaining  a  stable,  diffuse,  and  uniform  transverse  discharge  in  air, 
nitrogen,  and  Na-He  mixtures.  Initiating  and  sustaining  of  the  RF  discharge  did  not  require  flow 
pre-ionization  by  the  DC  discharge  upstream. 

For  the  electron  density  measurements  in  the  test  section,  two  rectangular  microwave 
waveguides,  2  cm  x  1  cm  across,  are  placed  on  both  sides  of  the  nozzle  immediately  downstream 
of  the  RF  electrodes.  The  electron  density  in  the  plasma  is  determined  from  the  relative 
attenuation  of  a  10  GHz  microwave  radiation  across  the  plasma.  The  average  electron  density  in 
the  plasma  is  inferred  from  these  measurements  using  the  following  relation  [30], 


.CSq  SV 

^  inc  ^ 


(1) 


C/f'  *  Y  Y 

where  Vcoii  is  the  electron-neutral  collision  frequency,  - jg  the  relative 
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attenuation  factor  in  terms  of  the  forward  power  detector  voltage  proportional  to  the  incident  and 
the  transmitted  microwave  power,  and  d=7.5  mm  is  the  average  distance  between  the  internal 
nozzle  walls  in  the  test  section  (i.e.  at  the  location  of  the  waveguides).  The  microwave 
attenuation  measurement  apparatus  is  described  in  greater  detail  in  our  previous  publication  [30]. 


For  the  shock  modification  studies  reported  here,  an  8  mm  long,  40“  fiill  angle  plastic  cone  is 
inserted  into  the  supersonic  ionized  flow  5  mm  downstream  of  the  RF  electrodes,  as  shown  in 
Fig.  1.  The  model  is  glued  to  a  metal  sting  embedded  in  a  thin  plastic  brace  located  in  the 
diffuser.  The  distance  between  the  test  section  side  walls  at  the  model  location  exceeds  the  model 
base  diameter  by  about  a  factor  of  2.2.  The  model  occupies  about  6%  of  the  test  section  cross 
sectional  area.  With  this  system,  the  effect  of  the  nonequilibrium  plasmas  on  the  strength  of  the 
resultant  shock  attached  to  the  nose  of  the  wedge  can  be  studied  in  detail,  in  a  steady  and  well- 
controlled  plasma  environment.  The  objective  of  the  experiments  is  to  measure  the  oblique  shock 
angle,  under  both  plasma  on  and  plasma  off  conditions.  Previously  it  has  been  reported  that  the 
effect  of  the  plasma  is  to  weaken  the  shock.  This  should  produce  an  apparent  reduction  of  the 
shock  Mach  number  and  therefore  increase  the  shock  angle.  Flow  images  visualized  by  plasma 
were  taken  using  a  high-resolution  monochrome  camera  COHU-4910. 


3.  Results  and  Discussion 

The  presents  experiments  have  been  conducted  in  pure  nitrogen  as  well  as  in  two  different  N2  - 
He  gas  mixtures,  70%  N2  -  30%  He  and  30%  N2  -  70%  He  at  the  same  plenum  pressure  of 
Po=250  torr.  At  these  conditions,  the  mass  flow  rate  through  the  nozzle  is  from  4.3  g/s  in  a  70% 
He  mixture  to  5.1  g/s  in  nitrogen.  Both  the  axial  DC  and  the  transverse  RF  discharges  were 
equally  diffuse  and  stable  in  all  gas  mixtures  used.  The  results  of  the  DC  and  the  RF  current  and 
voltage  measurements  at  these  conditions  are  summarized  in  Table  1.  It  can  be  seen  that  a  sizable 
fraction  of  the  DC  power  generated  by  the  power  supply  is  dissipated  in  the  ballast  resistor  (from 
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25%  in  nitrogen  up  to  60%  in  a  30%  N2  -  70%  He  mixture).  The  reduced  electric  field  in  the 
aerodynamically  stabilized  DC  discharge,  determined  from  the  measured  DC  voltage,  plenum 
pressure,  and  the  interelectrode  distance  varied  in  the  range  (E/N)dc=(4-6)10'*^  V  cm^.  At  these 
conditions,  up  to  90%  of  the  input  electrical  power  goes  to  vibrational  excitation  of  N2  by 
electron  impact  rather  than  to  direct  gas  heating  [29],  This  limits  the  maximum  temperature  rise 
in  the  DC  discharge  to  only  a  few  degrees.  Indeed,  for  a  nitrogen  flow  with  a  mass  flow  rate  of 
5. 1  g/sec  and  the  DC  discharge  power  of 290  W,  the  temperature  rise  can  be  estimated  as  AT~5 
K.  Due  to  the  very  slow  rate  of  N2  vibrational  relaxation  at  these  temperatures  [31],  its 
contribution  to  the  gas  heating  in  the  supersonic  expansion  flow  is  negligible. 

The  estimated  reduced  electric  field  based  on  the  measured  RMS  RF  voltage  and  the  distance 
between  the  RF  electrodes  of  ~10  mm,  is  significantly  higher,  (E/N)rf=(  10-20)- 10'*^  V-cm^.  This 
estimate  does  not  take  into  account  the  voltage  drops  across  the  quartz  layers  covering  the 
electrodes  as  well  as  across  the  plasma  sheaths.  The  measured  RMS  RF  current  varies  fi-om  72 
mA  to  184  mA  which  gives  the  current  density  in  the  transverse  RF  discharge  of  100-270 
mA/cm^.  Although  at  these  conditions  a  much  smaller  fraction  of  the  input  power  goes  to 
vibrational  excitation  [29],  the  temperature  rise  in  the  RF  discharge  remains  rather  modest.  Our 
previous  measurements  [18]  show  that  the  temperature  rise  in  the  inviscid  core  of  a  M=2  30%  N2 
-  70%  He  flow  excited  by  a  200  W  RF  discharge  is  only  AT=15  K. 


Table  1.  DC  and  RF  discharge  parameters 


Run 

# 

Gas 

mixture 

Udc> 

kV 

Idc» 

mA 

DC  power, 
W 

RF  power, 
W 

URF,kV 

(RMS) 

Irf» 

mA 

(RMS) 

1 

30%  N2 
70%  He 

17.0 

25.2 

175 

100 

0.78 

72 

2 

200 

1.28 

111 

3 

250 

1.42 

119 

4 

70%  N2 
30%  He 

20.0 

17.3 

225 

200 

1.28 

130 

5 

300 

1.70 

176 

6 

350 

1.84 

184 

7 

N2 

25.0 

15.3 

290 

200 

1.28 

122 

8 

300 

1.70 

173 

The  results  of  the  electron  density  measurements  are  summarized  in  Table  2.  The  electron- 
neutral  collision  fi*equency  required  for  the  electron  density  inference,  Vc,  was  obtained  fi-om  the 
Boltzmann  equation  solution  at  E/N=1010  ‘®  V-cm^  [33]  using  the  experimental  cross-sections 
of  elastic  and  inelastic  electron-molecule  collision  processes  available  in  the  literature.  At  P=20 
ton-  and  T=150  K,  the  collision  frequencies  in  N2,  30%  He  mixture,  and  70%  He  mixture  are 
Vc==l. 74-10'*  s'*,  1.47-10**  s'*,  and  1.10-10**  s'*,  respectively.  It  can  be  seen  that  the  electron 
density  in  the  RF  discharge  in  pure  nitrogen  is  nearly  independent  of  the  RF  power  (within 
~25%),  n^l. 5-2.0)- 10**  cm'^.  The  observed  electric  current  increase  with  the  applied  RF  power 
(see  Table  1)  is  likely  to  be  due  to  the  electron  drift  velocity  increase  at  a  higher  E/N.  Increase  of 
helium  partial  pressure  in  the  gas  mixture  up  to  70%  resulted  in  the  electron  density  rise  of  about 
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a  factor  of  two,  up  to  ne=3.6-10^^  cm'^.  These  values  of  electron  density  correspond  to  the  test 
section  ionization  fraction  of  ne/N=(l .2-3.0)- 10'^,  which  are  in  the  same  range  as  the  ionization 
fractions  in  previous  plasma  shock  experiments  [1,2,12,13], 

In  contrast,  the  test  section  electron  density  produced  by  the  DC  discharge  afterglow  in  the 
nozzle  plenum  (with  the  RF  discharge  off)  is  much  lower,  ne<310^  cm'^.  In  fact,  in  this  case 
microwave  absorption  measurements  did  not  show  detectable  absorption  above  the  noise  level. 
This  dramatic  difference  between  the  electron  densities  in  the  DC  discharge  afterglow  and  in  the 
RF  discharge  is  mainly  due  to  two  factors,  (i)  the  lower  reduced  electric  field  in  the  DC 
discharge,  and  (ii)  the  flow  expansion  between  the  nozzle  plenum  and  the  test  section.  Basically, 
the  value  of  ETN  in  nonequilibrium  discharges  in  molecular  gases  controls  the  electron  energy 
balance  (e.g.  see  Fig.  2  [32]).  Increase  of  E/N  reduces  the  fraction  of  input  power  going  into 
vibrational  excitation  and  greatly  increases  the  rates  of  both  molecular  dissociation  and 
ionization  (see  Fig.  2).  This  is  consistent  with  our  previous  measurements  of  a  CO  vibrational 
temperature  in  the  supersonic  plasma  flows  sustained  by  the  DC  and  RF  discharges  [18].  Higher 
values  of  E/N  in  the  transverse  RF  discharge  are  responsible  for  a  higher  electron  impact 
ionization  rate  and  therefore  higher  electron  density.  Li  addition,  expansion  of  the  DC  afterglow 
plasma  downstream  of  the  nozzle  throat  reduces  both  the  number  density  and  the  electron  density 
in  the  test  section.  Note  that  the  flow  residence  time  in  the  nozzle,  Xflow~U/L~50-100  |j,sec,  is  too 
short  to  allow  significant  electron-ion  recombination  downstream  of  the  DC  discharge  (the 
recombination  time  is  Xreo~l/Pne~l  msec).  Here  U~500-1000  m/s  is  the  flow  velocity,  L~5  cm  is 
the  nozzle  length,  p~10'^  cm^/s  is  the  dissociative  recombination  rate,  and  ne~10^°  cm'^  is  the 
electron  density  in  the  DC  discharge  estimated  from  the  DC  measured  DC  voltage  and  current 
[17].  This  result  suggests  that  a  transverse  RF  discharge  can  be  efficiently  used  to  produce  rather 
high  electron  densities,  as  well  atomic  species  and  radical  concentrations  in  supersonic  flows  of 
molecular  gases. 


Table  2.  Electron  density  measurements 


Run 

# 

Gas  mixture 

DC  power,  W 

RF  power,  W 

6V/V 

Ue,  cm"* 

9 

Ni 

0 

100 

0.098 

1.93-10“ 

10 

150 

0.079 

1.55-10“ 

11 

0.076 

1.49-10“ 

12 

||||||||||^3|||||B 

0.077 

1.51-10“ 

13 

70%  N2,  30%  He 

200 

0.096 

1.60-10“ 

14 

30%  Ni,  70%  He 

0.29 

3.60-10“ 

15 

30%  N2,  70%  He 

175 

0 

<2.5- 10'^ 

<3-10^ 

Figure  3  shows  the  results  of  the  test  section  pressure  measurements  during  the  wind  tunnel 
operation  with  both  DC  and  RF  discharges  turned  off.  One  can  see  that  the  static  pressure 
remains  stable  and  nearly  constant  (within  5%)  for  about  30  seconds  before  the  back  pressure 
starts  rising.  Turning  the  DC  discharge  on  had  almost  no  effect  of  the  test  section  pressure,  while 
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turning  the  RF  discharge  on  resulted  only  in  a  slight  pressure  increase  (within  1-3%  depending 
on  the  RF  power). 

As  in  our  previous  experiments  [18],  with  the  DC  and/or  RF  discharge  on,  the  nozzle  and  the  test 
section  are  filled  with  bright  visible  emission,  arising  primarily  from  the  well-known  second 
positive  bands  of  nitrogen,  C^nu->B^Zg.  This  emission  allowed  straightforward  supersonic 
plasma  flow  and  shock  visualization  [17,18],  As  a  first-order  approximation,  neglecting  kinetic 
processes  of  population  and  decay  of  electronically  excited  radiating  species,  we  can  assume  that 
the  observed  emission  intensity  (i.e.  the  radiating  species  concentration)  is  simply  proportional  to 
the  local  number  density.  The  rationale  for  this  assumption  is  the  fact  that  the  excited  electronic 
level  populations  of  N2  are  strongly  coupled  with  the  ground  state  vibrational  populations  of 
nitrogen  which  relax  extremely  slowly.  For  example,  the  vibration-translation  (V-T)  relaxation 
time  of  N2  by  He  at  the  conditions  of  the  present  experiment  is  of  the  order  of  seconds  [31], 
while  the  flow  residence  time  in  the  test  section  is  of  the  order  of  tens  of  microseconds. 

Figure  4  shows  inverted  B&W  photographs  of  a  supersonic  N2-He  flow  over  a  wedge  in  a  quasi- 
two-dimensional  plane  nozzle  [18]  and  a  supersonic  N2-He  flow  over  a  cone  in  the  nozzle  shown 
in  Fig.  1.  Both  flows  are  yisualized  by  a  DC  discharge  sustained  in  the  nozzle  plenum. 
Comparison  of  these  two  images  shows  significant  qualitative  differences.  Indeed,  the  supersonic 
flow  field  over  the  wedge  appears  to  be  quite  complicated.  First,  one  can  see  that  the  visible 
oblique  shock  attached  to  the  wedge  nose  extends  only  over  about  1/4  of  the  wedge  length. 
Second,  there  appears  to  be  a  fainter  secondary  shock  formed  about  halfiyay  along  the  wedge. 
Finally,  there  are  two  distinct  bright  features  formed  near  the  wedge  surface,  which  look  similar 
to  boundary  layers.  On  the  other  hand,  the  supersonic  flow  over  the  cone  appears  to  be  much  less 
complicated.  The  entire  region  behind  the  shock  is  filled  with  bright,  nearly  uniform  visible 
emission,  with  no  apparent  bright  or  dark  structures  (see  Fig.  4).  This  observation  is  consistent 
with  our  assumption  regarding  the  correlation  between  the  emission  intensity  and  the  local 
number  density.  Indeed,  in  the  absence  of  the  shock  perturbation  by  the  nozzle  walls  the  number 
density  of  the  flow  behind  the  conical  shock  is  expected  to  be  uniform.  The  conical  shock  front 
looks  somewhat  less  distinct  compared  to  the  oblique  shock  front  (see  Fig.  4),  since  in  the  former 
case  we  are  looking  at  a  three  dimensional  object  which  is  not  entirely  in  focus. 

This  qualitative  analysis  suggests  that  the  flow  over  a  wedge  in  the  quasi-two-dimensional  plane 
nozzle  studied  in  our  previous  experiment  [17,18]  is  rather  strongly  perturbed  by  the  nozzle  side 
walls,  which  were  only  4-5  mm  apart.  In  the  wedge  flow  shown  in  Fig.  4,  the  oblique  shock 
angle  of  a=100“  indicates  a  test  section  Mach  number  of  M=2.05.  In  the  cone  flow,  the  shock 
angle  is  a=68°,  which  corresponds  to  a  Mach  number  of  M=2.39.  The  shock  angle  is  measured 
with  an  accuracy  of  ±0.75®,  which  was  found  by  comparing  the  angle  determined  from  several 
frames  of  a  high-resolution  video  camera  taken  during  the  same  run  at  a  rate  of  about  1  frame  per 
second. 

Unlike  our  previous  experiments  [18],  turning  the  RF  discharge  on  and  off  during  the  wind 
tunnel  operation  did  not  result  in  a  measurable  shock  angle  increase.  These  measurements  have 
been  done  in  all  three  gas  mixtures  considered.  In  these  measurements,  the  DC  discharge  was  on 
all  the  time  to  provide  plasma  flow  visualization  and  enable  shock  angle  measurements  with  the 
RF  discharge  off.  The  maximum  RF  discharge  power  applied  was  350  W,  which  is  almost  twice 
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the  maximum  RF  power  used  in  our  previous  experiments  in  a  quasi-two-dimensional  plane 
nozzle  (200  W)  [18],  which  showed  considerable  shock  weakening.  As  an  example.  Fig.  5  shows 
two  typical  flow  images  obtained  in  a  30%  Na  -  70%  He  flow  over  a  cone  vwth  the  250  W  RF 
discharge  turned  on  and  oflF.  In  all  runs,  the  shock  angle  with  the  RF  discharge  turned  on  was 
within  about  1"  from  its  value  with  the  RF  discharge  turned  off,  a=68°.  At  all  experimental 
conditions,  the  shock  front  appeared  sharp  and  well  defined,  with  no  evidence  of  splitting  or 
dispersion  (e  g.  see  Fig.  5). 

In  our  previous  shock  weakening  experiments  in  a  supersonic  flow  over  a  35°  wedge  [18],  the 
oblique  shock  angle  in  a  30%  N2  -  70%  He  flow  increased  from  a=99‘’  to  a'=113“,  which 
corresponds  to  an  apparent  Mach  number  reduction  from  M=2.06  to  M'=1.88  (M'/M^.913).  In 
a  supersonic  flow  over  a  cone,  the  shock  angle  change  that  corresponds  to  such  Mach  number 
reduction,  from  M=2.39  to  M'=2.18,  is  substantially  smaller  because  of  the  three-dimensional 
relief  effect,  from  a=68®  to  a'=72®.  However,  a  4°  angle  change  considerably  exceeds  the 
accuracy  of  the  shock  angle  measurements,  and  a  consistent  shock  angle  increase  of  such 
magnitude  would  certainly  be  detected. 

Thus,  removal  of  the  heated  boundary  layers,  which  contributed  to  the  shock  weakening  in  our 
previous  plasma  wind  tunnel  experiments  [18]  and  the  resultant  reduction  of  the  gas  temperature 
gradients  in  the  supersonic  test  section  essentially  resulted  in  disappearance  of  the  effect  of 
plasma  on  the  shock  strength.  Although  in  the  present  experiments  the  RF  discharge  power 
substantially  exceeded  the  power  used  in  our  previous  work  [18],  this  did  not  produce  any 
detectable  shock  weakening.  Therefore  we  conclude  that  the  heated  boundary  layer  /  oblique 
shock  interaction  was  indeed  the  only  reason  for  the  previously  reported  shock  we^ening  in  the 
plasma  wind  tunnel.  Also,  since  in  the  present  experiments  both  the  flow  and  the  plasma 
parameters  (P=10-20  torr,  M=2.4,  ne/N=(1.2-3.0)10'^)  are  comparable  with  their  values  in  the 
previous  plasma  shock  experiments  [1,2,12,13],  these  results  strongly  suggest  that  previously 
reported  anomalous  shock  behavior  in  nonequilibrium  plasmas  is  due  to  thermal  effects  alone. 
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Figure  1.  Schematic  of  the  supersonic  RF  discharge  /  test  section 
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Figure  2.  Electron  energy  balance  in  air  plasmas  [32] 
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Figure  3.  Results  of  test  section  static 
pressure  measurements.  Air  at  Po=250  torr 


Figure  4.  Inverted  photographs  of  the  supersonic  flows  visualized  by  the  plasma  generated  by  a  DC 
discharge  in  the  nozzle  plenum  at  Po=2S0  torr. 

Left:  50%  Na  -  50%  He  flow  over  a  35°  wedge  [18],  The  shock  angle  is  100°  (M=2.05). 

Right:  30%  Na  -  70%  He  flow  over  a  40°  cone.  The  shock  angle  is  69°  (M=2.39). 


Figure  5.  Photographs  of  the  supersonic  flow  over  a  cone  visualized  by  the  plasma 
generated  by  a  DC  and  an  RF  discharges  in  a  30%  Na  -  70%  He  flow  at  Po=250  torr 
Left:  only  the  175  W  DC  discharge  is  on. 

Right:  both  the  175  W  DC  and  the  250  W  RF  discharge  are  on. 


13 


S 


